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V.  JEY  NOISE  SUPPRESSOR  CONFIGURATIONS  AND  PARAMETRIC  STUDIES  (Concluded) 

The  Jet  noise  suppressor  configurations  and  parametric  studies  of 
Section  V,  reported  on  in  Volume  Z  of  this  summary  document ,  are  concluded 
in  Volume  II.  Table  V.A-i  in  Section  V.A,  which  summarizes  the  model  aud  engine 
jet  suppressors  reported  on  in  Section  V,  is  again  included  for  reference.  In 
Volume  1  major  Sections  1  through  IV  plus  suppressor  categories  of  Sections 
V.B  through  V.K.10  were  documented.  This  volume  contains  the  remainder  of 
Section  V  <i.e.»  Sections  V.C,  V.U.l  and  V.ft.2),  as  well  as  the  last  two  major 
sections  of  the  report,  Sections  VI  and  VII. 
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V.B-1 

V.B-1 

Suppressor  Models  and  Full  Scale 

through 

through 

Engines 
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V,G  ACOUSTIC  EJECTORS  ON  MULTI-TUBE  AND  CONICAL  NOZZLES 
Objectives  of  Test  Series 


Acoustic  treatment  addition  to  an  ejector  of  a  jet  noise  suppressor  system 
has  shown  to  attain  noise  suppression  gain  over  hardwall  ejectors.  With  the 
emphasis  in  1968  and  1969  on  multi-element  primary  suppressors,  which  move  the 
primary  jet  noise  generation  region  closer  to  the  nozzle  exit  plane  than  a 
non-suppressed  or  simply  suppressed  primary  nozzle,  acoustic  ejector  studies 
were  initiated.  A  series  of  tests  were  run  at  the  GE  Evendale  JENOTS  acoustic 
facility  in  six  phases  from  8/68  through  6/69  in  sequential  steps  to  a<  velop 
treated  ejector  technology.  Table  V.G  -  1  is  a  listing  of  the  acoustic  tests 
for  the  six  phases  giving  model  numbers,  test  dates,  model  descriptions  and 
general  purpose  of  each  test  phase.  For  the  Greatrex  tube  models^ test  conditions 
over  an  engine  operating  line  ranged  from  nozzle  pressure  ratios  of  1.4  to  3.0, 
exhaust  gas  temperature  of  1100  to  I9600  R  and  ideal  jet  velocities  of  1150  to 
2500  ft/sec.  These  tubes  were  not  of  high-temperature  resistent  material, 
therefore  the  test  velocity  range  was  somewhat  limited.  For  the  97  tube  and 
97  hole  nozzles  the  test  conditions  over  an  engine  operating  line  ranged  from 
pressure  ratios  of  1.4  to  3.4,  temperatures  from  1200  to  2330°R,  and  ideal  jet 
velocities  of  1150  to  2930  ft/sec.  Acoustic  measurements  were  taken  on  a 
40  ft.  arc  and  scaled  by  frequency  and  size  to  full  scale  application  using  a 
scale  factor  of  8:1.  All  data  presented  are  therefore  of  simulated  engine  size 
and  engine  frequency  range. 

The  six  study  phases  are  summarized  as  follows: 
o  Phase  I 

This  was  an  initial  test  of  a  bulk  fiberglass  lined  ejector  on  a 
non-suppressed  conical  nozzle  and  on  a  37  Greatrex  tube  nozzle  to  determine  if 
treatment  could  gain  additional  jet  suppression  in  the  far  field  and  to  determine 
how  strong  an  influence  the  jet  noise  source  location  is  in  relation  to  the 
shrouding  ejector  and  treatment  (see  Figures  V.G-1,  -2  &  -3).  A  bulk  fiberglass 
ejector  is  not  practical  in  engine  hardware  but,  since  it  is  a  good  broadband 
suppressor,  it  would  show  magnitude  of  suppression  achievable  by  treatment  and 
would  set  a  goal  to  which  effectiveness  of  practical  treatraent  could  be  referenced. 
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Results  of  this  phase  are  shown  In  Figures  V.G-4A  through  -4C  and  -5A  through 
-5C.  This  phase  showed  the  bulk  liner  to  have  very  good  suppression  character¬ 
istics  for  far  field  measurements  from  the  500  Hz  band  and  up  and  to  influence 
a  5  PNdB  suppression  gain  over  an  unlined  ejector  when  used  with  the  multi-tube 
primary  suppressor.  Minor  suppression  gain  was  seen  when  the  bulk  liner  was 
used  with  the  conical  primary  since  the  noise  spectra,  upon  which  the  treatment 
is  effective,  was  generated  external  to  the  ejector.  Thus,  if  a  practical 
treatment  could  be  developed  to  the  equivalent  effectiveness  of  the  bulk 
absorber,  a  lined  ejector  would  be  quite  beneficial  in  conjunction  with  a 
multi-element  primary  jet  suppressor. 

o  Phase  II 


This  was  a  first  cut  practical  approach  to  ejector  treatment  using  avail¬ 
able  tube  nozzle  hardware  (the  37  Greatrex  tube  nozzle  system  on  loan  from 
The  Boeing  Company,  Figures  V.G-6  and  -7).  A  cylindrical  ejector,  lined  with 
Rigimesh  acoustic  treatment,  was  built  in  two  sections  to  determine  a)  Rlgimesh 
effectiveness  as  an  acoustic  treatment,  and  b)  the  effect  of  treated  ejector 
length  on  achievable  suppression.  Ejector  length  to  diameter  ratios, 
of  .625  and  1.25,  resulted  from  use  of  one,  then  a  combination  of  both  ejector 
sections.  The  Rigimesh  proved  effective  when  compared  to  a  hardwall  ejector 
of  the  same  geometry,  especially  In  the  IK,  2K  and  4K  Hz  bands,  suppression  in¬ 
creasing  substantially  with  the  added  ejector  length.  PNL  suppression  gain 
was  near  constant  for  a  wide  range  of  jet  velocity  at  about  2.5  PNdB  for  the 
L^/Dg  =  .625  ejector  and  at  4.5  PNdB  for  the  longer  ejector.  Therefore,  an 
ejector  for  practical  engine  application  of  b„/Dc  «  1.0,  when  designed  similar 
to  the  Rigimesh  ejector,  would  anticipate  about  3.5  PNdB  suppression  gain  due 
to  the  treatment . 

o  Phase  ill 

Tube  nozzle  technology  developed  to  a  level  where  a  viable  suppression 
system  could  be  designed  for  engine  application.  This  took  the  fom,  in  model 
hardware,  of  a  97  tube  nozzle  (see  Figures  V.G-9  4  -10).  A  series  of  tests 
were  planned  to  evaluate  ejector  liner  porosity  effect  within  practical 
physical  dimension  limitations  while  using  the  97  tube  primary  Jet  suppressor. 
Several  configurations  were  tested  including  a  7. HZ  open  lined  ejector  and  a 
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hardwall  ejector  before  the  primary  tube  nozzle  failed  in  test.  A  new  pri¬ 
mary  nozzle  of  slightly  different  design  was  built  to  replace  the  97  tube  noz¬ 
zle  in  the  test  series. 

o  Phase  IV 

The  new  nozzle,  a  97  hole  configuration  (see  Figure  V.G-11A  and  lift),  was 
identical  to  the  97  tube  nozzle  in  hole  size  and  spacing,  internal  tube  length, 
and  tube  exit  plane  stagger;  but  was  a  thick  baseplate  design  with  no  external 
tube  length.  In  addition,  a  lobed  (Greatrex)  center  replaced  the  large  center 
hole  of  the  97  tube  nozzle  design.  Perforated  sheet  metal  ejectors  of  4%,  7.521, 
and  15%  porosity  plus  a  22. 5%  porous  liner  with  Cerafelt  packing  were  tested 
with  the  new  nozzle.  The  cavity  depth  behind  the  porous  plates  was  increased 
to  .22"  from  the  .10"  of  tho  Rigimesh  liner  of  Phase  II  to  lower  the  peak 
frequency  attenuated. 


A  study  of  the  results  of  the  97  tube  and  97  hole  nozzle  treated  ejector 
tests  showed  results  to  be  much  poorer  than  anticipated.  The  4%,  7.5 t  and  15% 
liners  gave  very  low  suppression.  The  best  PNL  suppression  gain  was  about 
4  PNdll  with  the  22. 5%  packed  Cerafelt  liner,  but  then  only  in  the  very  low  jet 
velocity  range  and  decreasing  to  no  suppression  gain  at  higher  velocity. 
Suppression  gain  was  essentially  the  same  with  the  7.5%  liner  at  about  2  PNdb 
at  intermediate  Vj  when  used  with  either  97  tube  or  hole  primary  nozzles. 

o  Phase  V 


With  the  results  of  the  97  tube/hoie  treated  ejector  study,  primary  con¬ 
cern  was  why  the  perforated  sheet  metal  liners  -  in  particular  the  22.5% 
porous  liner  with  Cerafelt  packing  -  performed  so  poorly  when  compared  to  their 
anticipated  suppression  levels.  It  was  believed  that  the  Cerafelt  packed  liner 
would  exhibit  suppression  gain  of  the  magnitude  experienced  with  the  Rigimesh 
liners  of  the  17  Greatrex  tube  nozzles,  namely,  to  have  reasonable  PNl  suppres¬ 
sion  across  the  Vj  test  range.  Since  the  perforated  liners  were  expected  to 
perform  much  better,  it  was  reasoned  that  the  primary  nozzle  spectral  noise 
content,  on  which  the  lining  was  to  work,  differed  sufficiently  to  cause  the 
change  in  far  field  noise  suppression  levels.  To  substant iate  this  reasoning, 
either  a  Rigimesh  liner  could  he  built  to  match  the  physical  parameters  of  the 
perforated  sheet  metal  liners  and  tested  on  the  97  hole  nozzle,  or  a  perforated 
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metal  liner  could  be  built  to  the  specifics  of  the  original  Rigioesh  liner  and 
tested  on  the  37  Greatrex  tube  nozzle.  The  latter  was  judged  to  be  a  more 
practical  treatment  application,  so  the  best  anticipated  suppression  model  of 
22.3  X  porous  liner  with  Cerafelt  packing  was  built  and  tested  (see  Figure 
V.G-18'* . 

Test  data  showed  the  suppression  gain  to  hold  between  3.5  to  5  PNdB  .-.cross  the 
tested  jet  velocity  range  with  the  lesser  suppression  at  high  velocity.  These 
good  suppression  results  thus  indirectly  supported  the  prior  reasoning,  proving 
the  ineffectiveness  of  the  liner  designs  on  the  97  tube  nozzles  was  due  to  the 
spectra  content  within  the  ejector  length  on  which  the  treatment  had  to  work. 
The  test  also  proved  that  a  practical  design  with  perforated  sheet  metal  liners 
and  acoustic  packing  can  achieve  a  reasonable  level  of  additional  suppression 
over  a  hardvall  ejector. 

o  Phase  VI 


To  further  refine  a  treatment  design  it  became  obvious  that  the  acoustic 
environment  at  the  walls  of  the  ejectco'  must  be  known,  if  the  acoustic  signa¬ 
ture  was  known,  the  treatment  could  be  tuned  to  suppress  most  efficiently 
within  the  bands  requiring  the  most  suppression  for  beneficial  far  field  re¬ 
sults.  The  97  tube/hole  configuration  was  still  ir  contention  as  a  viable 
engine  suppressor;  therefore,  plans  wore  made  to  determine  the  thermal  environ¬ 
ment  at  the  secondary  ejector  walls  so  that  dynamic  instrumentation  could  be 
chosen  to  measure  the  acoustic  environment.  The  elector  for  the  97  hole  nozzle 
was  thermocouple  inatnaaented  and  subjected  to  the  normal  engine  cycle  test 
conditions.  A  nozzle  sketch  and  resulting  measured  thermal  environment  are 
shown  in  Figure  V.6-25.  Effort  applied  to  acoustic  treatment  development  tor 
application  to  multi-element  suppressors  was  terminated  after  this  test. 


Test  Configurations  and  Specific  Results 


Phase  1 


For  model  hardware  definition  see  Figures  V.C-1,  -2.  and  -3.  The  broad¬ 
band  fiberglass  ejector  was  tested  with  both  the  37  Great  rex  tube  nozzle  at  area 
ratio  of  4.G  and  a  noo-suppressed  primary  conical  nozzle.  A  hardwall  ejector 
was  tested  with  the  37  tube  nozzle  but  not  with  the  conical  nozzle.  The  purpose 
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of  hardwall  tests  throughout  the  study  were  to  separate  the  effects  due  to 
acoustic  treatment  from  those  due  to  the  addition  of  an  ejector.  Figures  V.G-4A 
through  -4C  show  the  300  ft.  sideline  octave  band  spectra  and  PNL  suppression 
gain  of  both  the  fiberglass  lining  and  ejector  relative  to  the  tube  and  primary 
nozzles  alone.  Figures  V.G-5A  through  -SC  show  the  300  ft.  sideline  octave 
band  spectral  and  PNL  suppression  gain  due  solely  to  tho  fiberglass  lining  when 
used  with  the  tube  nozzle  referenced  to  the  primary  plus  hardwall  ejector 
configuration. 

o  Phase  1  Conclusions 

a)  The  bulk  liner  had  very  good  suppression  characteristics  from  the 
500  Hz  octave  band  on  up  in  frequency  and  showed  5  PNdB  suppression 
over  an  unlined  ejector  when  used  with  the  tube  primary  (see  Figures 
V.G-5C) . 

b)  The  bulk  liner's  effect  on  conical  nozzle  noise  suppression  was  much 
less  due  to  the  much  larger  shi^oud-to-priraary  nozzle  diameter  ratio 
and  a  radical  difference  in  spectra  content  generated  by  tube  and  coni¬ 
cal  nozzles,  upon  which  the  liner  had  to  work.  The  major  portion  of 
the  conical  nozzle  jet  stream  noise,  upon  which  the  treatment  could  be 
effective,  was  generated  aft  of  the  ejector  exit  plane.  The  tube  noz¬ 
zles  break  the  jet  stream  into  many  elements,  moving  the  noise  genera¬ 
ting  region  closer  to  the  exit  plane  and  partially  within  the  effective 
region  of  the  created  ejector. 

o  Phase  I \ 

For  model  hardware  definition,  see  photograph  and  schematic  on  Figures 
V.G-6  and  ••?.  Four  configurations  were  acoustically  tested  namely,  the  primary 
3?  Great  rex  tube  nozzle  of  area  ratio  «  4.0  with  hardwall  and  tUgimesh  lined 
ejectors,  each  at  ejector  lengths  of  L*.  »  6.5"  and  13",  resulting  In  length  to 
diameter  ratios  L^Dg,  of  .625  and  1.25.  Thus  the  effect  of  Rtgimesh  lining 
plus  treated  ejector  lengths  could  be  gauged  against  equal  length  hardwall 
ejectors.  The  tube  cover  (see  Figure  V.G-7)  over  the  primary  nozzle  was  used 
for  this  and  subsequent  tests  with  the  37  tube  nozzle  to  simulate  a  practical 
external  tube  length  for  an  engine/suppressor  system.  The  37  Great  rex  tube 
nozzle  was  teaperture  limited;  therefore,  testing  was  restrained  to  a  maximum 
jet  velocity  of  about  2550  ft/sec. 


Figures  V.G-8A  and  -8B  show  the  300  ft.  sideline  octave  band  spectra  and 
PNL  suppressions  as  a  function  of  jet  velocity  and  ejector  length,  each 
referenced  to  same  length  hardwall  ejectors. 

o  Phase  11  Conclusions 

a)  Octave  band  and  PNL  suppression  of  Figures  V.G-8A  and  -8B  show  effect¬ 
iveness  primarily  in  the  IK,  2K,  and  4KHz  bands  with  magnitude  of  sup¬ 
pression  increasing  rapidly  as  the  shroud  was  lengthened. 

b)  PNL  suppression  gain  due  solely  to  the  Rigimesh  treatment  is  near 
constant  across  the  Vj  range  of  1250  to  2550  ft/sec  at  2.5  PNdB  for 
the  short  ejector,  Lg/D<,  «  .625,  and  at  4.5  PNdB  for  the  long  ejector, 

Ls/Ds  -  1.25. 

o  Phase  III 

The  97  tube  nozzle/ejector  hardware  of  this  phase  is  detailed  in  Figures 
V.G-9  and  -10.  The  tube  bundle,  at  an  area  ratio  of  2.0,  was  designed  to  be 
actuated  into  the  engine  jet  stream  on  16  equal  size  flaps.  The  nozzle  had 
unequal  tube  sizes  and  lengths,  and  had  a  fairly  large  center  hole  remaining 
after  the  simulated  flaps  were  deployed.  The  hardware  more  closely  simulated 
a  viable  engine  suppressor  system  than  did  the  previous  tube  configurations 
and  had  practical  ejector  diameter  and  length  ratios  of  *  1.185  and 

Lg/Dg  "  1.03.  The  7,5%  porous  liner  and  an  equivalent  hardwall  ejector  were 
acoustically  tested  before  the  primary  nozzle  failed  in  tost.  Results  of  these 
tests  are  coupled  with  those  of  Phase  XV. 

o  Phase  IV 

The  97  tube  nozzle  was  replaced  with  the  97  hole  nozzle  of  Figures  V.C-ltA 
and  -11B,  The  nozzles  were  identical,  with  the  exception  of  external  tube  length 
and  Great  rex  versus  round  center  hole,  as  mentioned  previously.  Five  configu¬ 
rations  were  acoustically  tested,  shown  in  Table  V.G-1  and  Figure  V.C-HA,  in¬ 
cluding  ”Ue  hardwall  ejector  and  lined  ejectors,  of  4%,  7.5%,  15%  and  22.5% 
with  Cerafelt  packing.  The  following  figures  show  the  individual  octave  band 
spectra  and  PNL  suppression  as  a  function  of  Jet  velocity. 


Figures  V.G-12A  and  -12B 


Figures  V.C5-13A  and  -13B 

Figures  V.G-14A  and  -14B 

Figures  V.G-15A,-15B  and 
-15C 


7.52  Porous  Liner  on  97  tube  &  97  Hole 
Nozzles 

42  Porous  Liner  on  97  Hole  Nozule 
152  Porous  Liner  on  97  Hole  Nozzle 

22.52  Porous  Liner  Pius  Ccrafelt  on 
97  Hole  Nozzle 


The  7.52  porous  liner  data  are  iron  both  the  97  tube  configurations 
of  Phase  111  and  the  97  hole  configurations  of  this  phase,  Bach  set  is  refer¬ 
enced  to  the  hardwall  ejector  so  that  suppressions  shown  are  due  solely  to  the 
treatment.  Composite  plots  of  the  mean  suppression  lines  of  the  above  figures 
are  included  as  Figures  V.G-16A,  -16B,  and  -16C  so  that  direct  comparisons  for 
porosity  effect  can  be  made.  To  show  suppression  change  as  a  function  of  fre¬ 
quency  and  porosity  at  a  given  jet  velocity.  Figures  V.G-17A  and  -17B  were 
plotted  at  Vj  -  1000,  1500,2000,2500  and  3000  ft/sec. 

o  Phase  HI  and  IV  Conclusions 

a)  Suppression  results  are  much  lower  than  anticipated  with  little  or 
no  suppression  attributable  to  the  treatment  at  most  jet  velocities 
and  frequencies  (see  Figures  V.G-16A,  -16B  and  -16C). 

b)  The  42  liner  was  only  slightly  effective  and  then  only  at  low  Vj 
and  in  the  lower  octave  bands. 

c)  Suppression  gain  with  the  7.52  liner  was  essentially  the  same  with 
aither  the  97  tube  or  97  hole  primary  but  still  only  shewed  1  to  2 
PNdB. 

d)  The  152  porous  liner  performed  almost  as  poorly  as  the  42  liner 
with  only  slight  PNL  suppression  at  low  jet  velocity. 

e)  Maximum  PNL  suppression  gain  was  about  4  PNdB  with  the  22.52  nor«u» 
Cerafelt  packed  litter,  but  then  only  in  the  verv  low  jet  velocity  range 
and  decreasing  to  no  suppression  gain  at  high  velocity. 

£)  Indications  were  that  the  major  cause  for  lack  of  suppression  by  all 
four  treatrent  designs  is  the  ori j. < aal  noise  content  of  the  primary 
nozzle  jet  stream  within  the  region  of  the  ejector  shroud  where  the 
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liner  material  can  be  effective.  Generations  of  the  primary  noise 
which  is  transmitted  to  the  far  field  is  probably  aft  of  the  ejector 
plane  due  primarily  to  the  snail  area  ratio  and  to  the  unequal  tube/ 
hole  size,  non-uniform  spacing,  non-cop  lunar  exit  plane  and  the 
large  central  flow  area.  Therefore,  the  some  treactsent  designs  could 
be  expected  to  perform  more  efficiently  if  a  more  uniform  noise  source 
such  as  the  37  Great  rex  tube  nozzle  with  equal  tube  size,  uniform 
spacing,  and  coplauar  exit  plane  was  used,  providing  its  principal 
offending  noise  source  was  internal  to  the  ejector. 

g)  A  further  test  should  be  planned  to  prove  the  above  conclusion. 

Phase  V 


Hardware  ettesen  for  this  phase  (for  reasons  discussed  previously  under 
Objectives  of  Test  Series  -  Phase  V"  and  "Phase  IV  -  Conclusions")  is  shown 
schematically  in  Figure  V.G-.8.  The  hardware  consists  of  the  same?  1?  Great  rex 
Cube  primary  nozzle  used  in  Phase  II  but  with  a  22,52  open  perforated  sheet 
metal  liner  and  a  .22"  deep  cavity  behind  the  porous  face  plate  packed  with 
verafelt  CR-40O,  identical  to  the  treatment  design  of  Phase  IV.  Two  configura¬ 
tions,  hardw?U  and  treated,  were  tested  as  shown  In  Table  V.G-l  and  Figure 
V.G.-18.  Figures  V.G.-19  and  -20  show  the  300  and  1500  ft.  sideline  normalized 
peak  PNL  for  the  Hardwall  and  treated  ejector  eonfigurat ions  plus  the  PNL 


suppression  referenced  to  the  hardwall  configuration.  Magnitude  of  suppression 
in  each  octave  band  and  PNL  suppression  as  a  function  of  jet  velocity  are  shown 
at  the  300  ft.  sideline  in  Figures  V.C-2U  and  -Hi.  The  plotted  data  are  at 
80  from  the  jet  exhaust  since  sideline  noise  was  consistently  peak  at  this 
location  with  the  treated  ejector.  The  Phi,  suppression  curve  will,  therefore, 
not  exactly  match  cne  peak  PNL  suppression  curve  of  Figure  V.6-19.  Octave  band 
spectra  and  PMdB  directivity  at  the  300  ft.  sideline  are  compared  between  the 
treated  and  hardwall  ejectors  in  Figures  V.G--22A  through  V.G-22F.  The  data  sets 
are  in  order  of  increasing  jet  velocity  from  1143  to  2340  ft/sec.  The  spectra 
are  again  at  80s  to  the  jet,  the  peak  FJIL  angle  for  both  coast  i  aerations.  To 
gauge  liner  effectiveness  as  a  function  of  frequency  at  a  given  jet  velocity. 
Figure  V.G-23  presents  oetawe  band  suppression  versus  frequency  at  1000,  1580, 
2UUU  and  2500  ft /sec. 
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Phase  V  Conclusions 

a)  Suppression  gain  with  treatment  holds  between  5  PNdS  at  low  Vt  to 

*9 

3  to  4  FNdB  at  high  Vj  (see  Figure  V.G-19  and  *20),  indirectly  sup¬ 
porting  the  conclusion  of  Phase  IV  that  ineffectiveness  of  the  liners 
designed  for  the  97  tube/hole  nozzles  was  due  to  the  spectra  content 
within  the  ejector  length  on  which  the  treatment  had  to  work,  the 
good  suppression  results  are  therefore  in  line  with  those  of  the  fiber- 
giasa  ejector  of  Phase  1  and  the  Rigimesh  liner  of  Phase  II. 

b)  High  frequency  is  greatly  reduced  with  much  less  effect  on  low  fre¬ 
quency  noise  content.  (See  Figure  V.C-23  and  the  spectra  comparisons 
of  Figures  V.C-22A  through  -22P.)  This  was  expected  since  high  fre¬ 
quencies  are  generated  primarily  from  the  individual  tube  flows  just 
aft  of  the  tube  exits  within  the  confines  of  the  treated  ejector. 

The  low  frequency  content  of  the  spectra  is  generated  from  the  coa¬ 
lesced  flew  and  primarily  after  the  flow  exits  the  ejector.  The  trend 
is  for  intermediate  and  high  frequency  suppression  over  the  complete 
Vj  range  of  tests  as  seen  from  Figure  V.C-23. 

c)  The  PtiL  directivity  plots  of  Figures  V.C-22A  through  -22F  show  fairly 
uniform  suppression  from  SO*  through  9Q*  from  the  jet  exhaust  but  with 
lesser  effect  far  angles  closer  to  the  jet.  The  spectra  at  the  closer  angles 
are  more  lew  frequency  dominated  than  the  higher  angle  spectra  and  since 
spectra  suppression  of  the  low  frequencies  was  less,  tit©  FNh  levels  were 
affected  less. 

d)  The  test  proved  that  a  practical  treatment  design  of  perforated  sheet 
aetal  backed  with  acoustic  packing  can  achieve  a  reasonable  level  of 
additional  suppression  over  a  hardwall  ejector  as  long  as  the 
primary  jet  noise  source  is  controlled. 

e)  Returning  to  the  purpose  of  Phase  V  testing,  s.e.,  to  prove  that 
poor  suppression  in  the  Fhase  111  and  IV  series  with  the  perforated 
sheet  metal  liners  was  due  to  the  spectra  on  which  the  liner  had  to 
work,  an  attempt  to  substantiate  the  reasoning  with  measured  data 
is  done  is  Figures  V.C-24A  and  -24$.  These  are  300  ft.  sideline 
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spectra  plots  comparing  th«  $7  hole  nozzle  and  37  Groat  rex  tubs 
nozzle,  both  with  hardsell  ejectors,  at  various  jet  velocities. 

The  spectra  show  no  radical  change  between  models  in  the  frequency 
range  of  greatest  treatment  effectiveness  (500  Uz  through  2  Kf- 
with  the  exception  of  the  inherently  lower  spectra  of  the  37  t  t 

tube  nozzle.  Hie  comparison  offers  no  apparent  explan.it 
why  the  acoustic  treatment  (22.5%  porous  plate  plus  Coraf 
pressed  the  37  Great  rex  tube  spectra  hut  not  that  of  the  '  •*. 

However,  it  oust  be  realized  that  ehe  spectra  are  far  field  ,  ..tit  and 
not  necessarily  indicative  of  the  noise  content  along  the  inner  flow- 
path  of  the  ejector  in  the  area  of  acoustic  treatment  application. 

This  suggests  a  possible  explanac ion.  The  97  hole  nozzle  was  of  area 
ratio  *  2.0,  had  unequal  hole  sizes,  non-uniform  hole  spacing, 
staggered  exit  plane,  and  a  relatively  large  center  hole.  The  37 
Greatrex  tube  was  of  area  ratio  *  4.0,  had  equal  size  and  uniformly 
spaced  tubes,  and  had  a  ceplanar  exit  plane.  The  most  influencing 
design  difference  was  area  ratio.  The  more  compact  spacing  of  the 
97  hole  nozzle,  due  to  its  lower  area  ratio,  caused  earlier  coalescence 
of  the  individual  tube  flows  to  a  single  mixed  flow  system  similar 
to  a  conical  nozzle.  The  noise  was  produced  by  this  coalesced  jet 
occurred  primarily  after  exiting  the  treated  ejector.  The  area  ratio 
of  4.0  Great  rex  tube  bundle  would  not  coalesce  to  a  merged  jet  as  soon 
and,  therefore,  would  produce  its  high  frequency  noise  within  the  shroud 
where  the  lining  is  effective.  Thin  reasoning  is  enforced  by  examining 
ehe  97  hole  nozzle  plus  lined  ejector  PNl  suppression  curve  of 
Figure  V.G-l&C  at  low  pressure  ratfo/jet  velocity  wnere  coalescence  is 
not  as  rapid  as  at  high  pressure  ratia/jet  velocity,  in  this  region  the 
22.5%  liner  plus  Cerafeit  treatment  had  good  suppression  up  to  5  PSidb 
but  then  it  quickly  disappeared  as  pressure  ratio/jet  velocity  Increased. 

s)  The  acoustic  signature  within  a  hurdwail  ejector  on  a  segmented 
jet  suppressor  nozzle  must  therefore  be  determined  before  design 
of  the  treatment,  identification  of  the  acoustic  signature  will 
establish  whether  the  frequency  range  of  interest  is  generated  within 
the  bounds  of  the  treatment  application  and  therefore  allow  for  tuning 
the  treatment  design  for  aaxianra  acoustic  efficiency. 
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o  VI 


To  determine  the  acoustic  environment  inside  a  hardvail  ejector,  it  was 
first  necessary  to  detenine  the  thermal  environment  under  hot  jet  test  condi¬ 
tions  so  that  dynamic  instrumentation  could  be  selected.  Figure  V.G-2S  shows 
the  hardware  setup,  thermocouple  locations,  primary  gas  stream  test  conditions 
and  resulting  ejector  skin  teaperature  for  the  97  hole  plus  ejector  system. 

o  Phase  VI  Conclusions 

e)  For  the  noxzle/ejector  system  under  test  the  ejector  akin  temperature 
reached  a  maximum  temperature  of  slightly  over  900*  R  for  the  highest 
test  condition  of  “  3.41,  »  2692*  R. 
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D*  CONE  PLUS  FIBERGLASS  LINED  EJECTOR 


o  Suppression  Relative  to  3?  0R1ATHEX  Tubes  or  4,148"  Cone  W/0  Ejector 
o  300  Ft.  Sideline 

o  XJector  a  10"  I.D,  X  16,62"  Long,  40£  Open,  1"  Fiberglass  Packed 
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PR4B  Suppression  •  (PHdB  w/o  O.B.S.P.L.  Suppression  -  (O.B.S.P.L.  W/0  Ejector 

Ejector  -  PffdB  w/Lloed  Ejector)  O.B.S.P.L.  W/  Lined  Ejector),  dB 


o  Suppression  Relative  to  37  Tubs  GREATREX  or  4.148"  Cone  W/o  Ejector 
o  300  Ft.  Sideline 

o  Ejector  s  10"  I.D.  X  16.62"  Long,  40)1  Open,  1"  Fiberglass  Packed 
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FIGURE  V.G-4C  SUPFRESSIOK  IFFKTS  OF  FIBERGLASS  LDtXR  OK  37  TUBE 
GREATREX  Aid  4.1  COtfXC  BOtZUS 


G.E.S.P.Lc  Suppression  -  (O.B.S.P.L.  Hard  Liner  -  O.B.S.P.L.  Soft  Liner) 


o  Suppression  Relative  to  37  ORXATREX  Tubes  W/  Hard  factor 
o  300  Ft.  Sideline 

o  Soft  Liner  10"  I.D.  X  16.62"  Long,  40*  Open,  1"  Fiberglass  Packed 
o  Hard  Linar  10"  I.D.  X  16,62"  Long 
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FIGURE  V.0-3A  SUPWttMCH  IFF1CTS  OF  FIBBGUS8  LI3UCR  OH  j?  TUBE 
OHIATRXX  KQC2XK 
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O.B.S.P.L.  Suppression  •  (O.B.S.P.L.  Sard  Linsr  -  O.B.S.P.L.  Soft  Liner) 
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o  Suppression  Relative  to  37  Tuba  ORKATRZX  V/  Herd  Ejector 
o  300  Ft.  Sideline 


o  Soft  Liner  10s  I.D.  X  16.62"  Long,  40^  Open,  1"  fiberglass  Packed 
o  Hard  Liner  10”  I.D,  X  16.62"  Long 
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Liosr  *  PJSdB  Soft  Liner)  Liner  ■  O.B.S.P.L.  Soft  Liner),  dB 


o  Suppression  Relative  to  37  Tube  GftXATRXX  w/  lord  Ejector 
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figure  v.q-50  JumEssioa  trruxs  of  fxbkouss  user  ok  37  tubs 

OSIAKUK  IQCZU 


O.D.S.P.L.  Suppreeeion  -  (O.B.J.P.L.  Hard  Liner  -  O.B.S.P.L.  Soft  Liner) 


o  Suppreeeloa  Relative  to  loxzle  W/  Hard  Lloer 
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- * - • - i - — — - ,  t-  •---  -  i 

1000  1300  2000  2300  3000 


•  Ideal  Jet  Velocity,  ft/sec 

noutts  V.0-dA  SWWB3I0T  WKIS  or  SHORT  MU)  LOUS  SIOlttiSK  LI  JOCKO 

os  yt  tuu  qrjutux  itcmx 


33 


PNL  Suppression  -  (PNdB  Hard  O.B.S.P.L.  Suppression  -  (o.B.S.P.L.  Hard  Liner 

Liner  -  PNdB  Soft  Liner)  O.B.S*P*L.  Soft  Liner),  dB 


o  Suppression  Relative  to  Nozzle  w/  Hard  Liner 
o  300  Ft.  Sideline 

o  10.4*  I»D.  Soft  Liners;  10.8"  I*D.  Hard  Liners 


Qj - Q6.5"  Long  Ejector  (Models  4.1T37-1O.0CSL  &  4.1T37-10.8CS) 


1000  1500  2000  2500  3000 


V,  ■  Ideal  Jet  Velocity,  Ft/Sec 

U 

FIGURE  V.G-8B  SUPPRESSION  EFFECTS  OF  SHOW  AND  LONG  RIGIMESH  LINERS 
OH  37  TUBE  GRXATREX  NOZZLE 
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FXGURS  V.G-9  97  TUBE  PRIMARY  NOZZLE  AND  KARDWALL  EJECTOR  HARDWARE 


O.B.S.P.L.  Suppression  -  (O.B.S.P.L.  Bard  Liner  -  O.B.S.P.L.  Soft  Liner) 


o  Suppression  Relative  to  Herd  Liner  of  3aae  Dieeoelooe 
o  300  ft.  Sideline 


97  Hole  Noztle  (Model®  4.2H97N-CS-1  &  4.2H97N-CS) 
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FIGURE  V.3-12A  SUPVMS3XQK  ffPICT  Of  7.3*  Off*  SOPf  LU»  OK  97  TUBS 
AND  97  KQLX  HCmiS 


PJft  Suppreeaioc  «  (PHdB  Hard  O.B.S.P.L.  Suppre.eion  -  (O.B.S.P.L.  Hard  Lioer 
Liner  -  W4B  Soft  Lioer)  O.B.S.P.L.  Soft  Liner),  4B 


o  SuppsvstlM  Relative  to  Hard  Lioer  of  Sam  Diaeneloo* 
o  300  ft.  Sideline 
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O.B.3.P.L.  Suppression  «  (O.B.S.P.L.  Hard  Liner  -  G.B,S.P.L.  Soft  Liner) 


o  Suppression  Relative  to  Bard  Li  nor  of  Saws  Dimension* 
o  300  Ft.  Sideline 
o  Models  4,2  I97R-CS-4  k  4.2K9H-CS 


PXOURX  V.G-1JA  SUFWSSSIOtt  SFftt?  Of  4 %  0P&  SOFT  USSR  0* 
91  SOLS  *02 ZUL 
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PUL  Supplies lo&  •  (PSdB  O.B.S.P.L.  Suppression  -  (O.B.S.P.L.  Hard  Liaer 

Ll^»r  •  PJfcIB  Soft  Liner)  Q#B#S#P«L«  Soft  Liner)*  <iB 


o  Suppression  Relative  to  Hard  Liner  of  Sons  Dimensions 
o  300  Ft.  Sideline 
o  Models  4«2B97M‘C3-4  *  t.2E97*-C3 


k  , 

i 


•ah  A 


j*  l  !  i  i  .  i 

1000  1*00  2000  2300  3000 

V,  •  Ideal  Jet  Velocity,  Ft /See 

v 

naim  v.o-i3»  so?msszoN  tmet  or  opsk  soft  uksb  or 

97  SULK  M&2L5 


k2 


o  Suppression  Relative  to  Hard  Linar  of  Sane  Diaeoeiona 
O  300  Ft#  Sideline 
o  Model*  4 *289711*08-5  k  4.2H97H-CS 
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o  Suppression  Relative  to  Hard  Liner  of  Seas  Dias  ns  ions 
o  300  ft.  Sideline 
o  Models  i»*2K97l"C8-6  4  4.2H97H-CS 
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FIGURE  V.G-lSA  COMPARISON  OF  SUPPRESSION  EFFECT  OF  SOFT  LINERS 
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V  ■  Ideal  Jet  Velocity,  Pt/Sec 

J 

FIGURE  V.G-16B  COMPARISON  OP  SUPPRESSION  EFFECT  OP  SOFT  LINERS 
OH  97  HOLS  NOZZLE 


tA*  •j.'XWMl-  ,r  '  *  ~i*'  V  ' ‘ 


PUL  Suppression  “  (PNdB  Hard  O.B.S.P.L.  Suppression  -  (O.B.S.P.L, 

Liner  -  PNdB  Soft  Liner)  Hard  Liner  -  O.B.S.P.L.  Soft  Liner )j 


8 


o  Suppression  Relative  to  Hard  Liner  of  3sess  Dimensions 
o  300  Ft.  Sideline 


-6 


- Open  (Model  t.2H97N-CS-4) 

- -  7,5$  open  (Model  4.2H97N-CS-1) 

....  - - 15$  (ucie!  4.2H97N-C3-5) 

- 22  1/2%  Open,  Cerafelt  Packed  (Model  4.2H97N-C3-6) 


1000  1500  2000  2500  3000 


Vj  •  Ideal  Jet  Velocity,  ft /'sec 

FIGURE  V.G-lbC  COMPARISON  OF  SUPPRESSION  EFFECT  OF  SOFT  LINERS 
ON  97  HOLE  NOS&LE 
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VARIOUS  JST  VELOCITIES 


O.B.S.P.L.  Suppression  «  (O.B.S.P.L.  Hard  Liner  -  O.B.S.P.L.  Soft  Liner) 


i 


S 


o  Suppression  Relative  to  Hard  Liner  of  3aae  Dimensions 
o  300  Pt.  Sideline 


open  (Model  4.2H97N«CS-4) 

!•$%  Open  (Modal  4.2H97N-CS-1) 

15*  Open  (Model  4.2H97N-C8-5) 

22  1/2*  Open  (Model  4.2H97N-C3-6) 
(Cerafelt  Packed) 


Frequency,  Ha 


FIGURE  V.G-17B  COMPARISON  OP  SUPPRESSION  EFFECT  OF  SOFT  LINERS  ON 
97  HOLE  NOZZLE  AT  VARIOUS  JET  VELOCITIES 
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FIGURE  V.G-I6  SCHEMATIC  OP  37  TUBE  GREATRBX  NOZZLE  WITH  PERFORATED  SHEKF  METAL /C’ 
PACKED  EJECTOR 
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FIGURE  V.G-19  300  FT  SIDELINE  JET  NQIS8  AND  PHL  SUPPRESSION  LEVELS  FOR  37  GW5ATREX 

TUBE  PRIMARY  NOZZLE  tfITB  TREATED  AND  HARBWALL  EJECTORS 
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PIGITRB  V.G-20  1500  FT  SIDELINE  JET  NOISE  AND  PNL  SUPPRESSION  LEVELS  FOR  37  GREATREX 

TUBE  PRIMARY  NOZZLE  WITH  TREATED  AND  HARDWALL  EJECTORS 


O.B.S.P.L.  Suppression  -  (O.B.S.P.L.  Hard  Liner  -  O.B.S.P.L.  3oft  Liner  ) 


o  Suppression  Relative  to  Hard  Uner  of 

Saas  Dias ns ions 

o  300  Ft,  Sideline  -  80°  Free  Jet  Rxhaust 
o  Models  4.1T37-10.8C3E  &  4.1T37-10.4CS 


2  1 - i~  - . -  ill, 
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•  Ideal  Jet  Velocity,  Ft /See 


FIGURE  V.G-21A  SUPFRI83X0N  BFH5CT  OF  22,3*  OPEN,  Cfc2UFSLT  PACKED 
LINER  OH  37  GRSATRXX  TUBE  NOZZLE 
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Suppression  •  (PMdB  Q.B*3,P.L.  Suppression  -  (O.B.S.P.L.  Hard  Liner 


o  Suppression  Relative  to  Herd  Liner  of  Seas  Dimensions 
o  300  ft*  Sideline  -  60°  from  Jet  Exhaust 
0  Models  4.1T37-10.8CS1  &  4.1T37-10.4C3 


e  Vj  •  Ideal  Jet  Velocity,  Ft /Sec 


FIGURE  V.G-21B  SUPIMSSXQK  EFFECT  OP  22.5*  OPEN,  CERAFELT  PACKED 
LI  HSR  OK  37  GREATRBC  TUBE  KOCZLE 
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A  Sard  Ejector  (Model  4.1T37-10.82S2) 
o  Treated  Ejector  (Model  4.1T37-10.4CS) 
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Hard  Ejector  (Model  4.1T37-1O.0CSE) 
Treated  Ejector  (Model  4.1T37-10.4CS) 
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Pi  ;UKB  v.Q  -22B  3QC  FT  SI  DELINK  SPECTRA  AND  DIRECTIVITY  FOR  37  GREATREX  TUBE  NCB2LK  WITH 

TREATED  AND  HARD*  ALL  EJECTORS 
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FIGURE  V.G-22E  300  FI  SIDELINE  SPECTRA  AND  DIRECTIVITY  FOR  37  GREATREX  TUBE  NOZZLE  WITH 

TREATED  AND  HARDWALL  EJECTORS 


Jet  Exhaust ,  Degrees 


FIGURE  V.G-23  SUPPRESSION  EFFECT  OF  TREATED  EJECTOR  OR  37  GRRATREX  TUBE  N< 
VARIOUS  JET  VELOCITIES 


o  300  Ft.  Sideline 
o  Angle  of  Peak  PNdB 


Pt8/Pq  Tt8(°R)  (Ft /Sec) 

O  97  Hole  (Model  4.2H97H-C3)  1.40  1235  1173 

O  37  GR.  Tube  (Model  4.1T37-X0.8CSE)  1.4l  1161  1141 

9 


Frequency,  Hz 


Data  Includes  Ground  Reflection  Interference 

Pt8/P0  Tt8(°r)  v  (Ft /Sec) 

<C>  97  Hole  (Model  4.2H97N-CS)  1.54  1293  1349 

Q  37  OR.  Tube  (Model  4.1T37-10.8CSK)  1.39  1535  1291 


Frequency,  Hz 


FIGURE  V.G-24A  SPECTRAL  COMPARISON  OF  97  HOLE  NOZZLE  PLUS 
HAREWALL  EJECTOR  TO  37  GRIATRSX  TUBS  NOZZLE 
PLUS  HARDWALL  EJECTOR 
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o  300  Ft.  Side line 
•  Angle  of  Peak  PR4B 


?T8/*Q  ^t8^°R) 

O  97  Hole  (Modal  4.2H97N-CS)  2.01  1525 

O  37  OR.  Tuba  (Modal  4.U37-10.8CSE)  2.58  1158 


V. (Ft /Sac) 

1834 
1839 


Data  Includes  Ground  Reflection  Interference 
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V^rt/Sac; 

2013 

1938 


2^5  250  500  IK  2K  4k 

Frequency,  H* 

FIGURE  V.G-24B  8PECTRAL  COMPARISON  OF  97  HOLE  NOZZLE  PLUS 
HAMWALL  EJECTOR  TO  37  QRBATREX  TUBE  NOZZLE 
PLUS  IARDVALL  EJECTOR 
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V-H-  annular  plug  nozzle  suppressor  model  studies 

Sections  V.H.l  and  V.H.2  document  the  annular  plug  nozzle  suppressor 
model  studies.  A  1967  series  of  suppressor  configurations  used  rods,  tubes, 
C.D.B.,  and  flap  mechanical  blockers.  These  suppressor  mechanisms  were 
tested  on  annular  plug  nozzles,  with  and  without  secondary  ejectors,  and 
are  presented  in  Section  V.H.l. 

Section  V.H.2  documents  the  multi-element  spoke/chute  model  suppressor 
parametric  studies  on  annular  plug  nozzles.  This  was  a  1970  to  1971  effort 
to  develop  that  suppressor  concept  for  application  to  the  high-airflow,  low 
exhaust  velocity  cycle  of  the  GE4J6H2  engine.  The  parallel  acoustic  and 
aerodynamic  static  and  wind-on  test  series  resulted  in  development  of  design 
guidelines  for  future  refinement  of  the  multi-element  annular  plug  suppressor 
concept. 
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V.H.l  RODS ,  TUBES,  CHUTES,  C.D.B.  AND  PRIMARY  FLAPS 
ON  ANNULAR  PLUG  NOZZLES 
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("PRECEDING  PAPE  BLANK -NOT  FILMED." 

V.H.l  RODS,  TUBES,  CHUTES.  C.D.B.,  AND  PRIMARY  FLAPS  ON  ANNULAR 
PLUG  NOZZLES 

Objectives  of  Test  Series 

This  1967  jet  noise  program  was  a  preliminary  design  study  to  define  the 
most  promising  suppressor  configurations  for  the  GE4/JX  series  of  dry  turbojet 
engines  proposed  for  the  supersonic  transport. 

Due  to  the  limited  time  period  available,  test  models  were  designed  around 
existing  hardware.  The  full  scale  design  was  based  upon  a  20°  included  angle 
plug  primary  nozzle.  No  similar  angled  model  plug  was  available,  so  acoustic 
testing  was  performed  on  a  30°  plug  nozzle,  for  which  a  two  stage  ejector 
nozzle  system  was  manufactured.  The  final  model  was  designed  essentially  to 
have  similar  area  ratios  and  expansion  rates  to  the  full  scale  engine. 

Test  Conditions 

At  liftoff,  the  nozzle  conditions  for  the  proposed  dry  engine  were 
approximately  T^g  =  2300°  R  and  P^g/P^  =  3.0.  A  range  of  test  conditions 
covering  these  values  was  used  for  each  model. 

At  an  exhaust  gas  temperature,  TTg  of  2300°  R,  nozzle  pressure  ratios, 

PTg/P0»  °f  2.0,  2.5,  3.0,  3.2,  and  3.5  were  set. 

The  =  2300°  R,  Pyg/P0  =  3.2  condition  was  performed  twice  -  once  at 
the  beginning,  and  once  at  the  end  of  the  test  series  -  to  assess  the  repeat¬ 
ability  of  data. 

Test  Configurations 

Twenty  two  configurations  were  tested  within  this  study,  separated  into 
categories  of:  a)  baseline  nozzles,  b)  primary  suppressors,  c)  secondary 
suppressors  and  d)  tube  suppressor.  Table  V.H.1-1  categorizes  the  models, 
gives  a  brief  description  of  each  and  indexes  the  summary  tables,  hardware 
schematics  and  results  plots. 

The  proposed  full  scale  nozzle  consisted  of  a  20°  included  angle  conical 
plug  sui rounded  by  a  convergent  primary  shroud.  The  secondary  shroud  was  formed 
by  a  two  stage  ejector  nozzle.  No  existing  20°  included  angle  plain  plug  hardware 
was  available,  so  the  tests  were  conducted  around  a  30°  basic  plug  nozzle. 


Model  V-l ,  shown  in  Figure  V.H.1-2.  A  two  stage  ejector  nozzle  system  was 
designed  for  this  nozzle  which,  as  closely  as  possible,  resettled  the  full 
scale  configuration.  A  baseline  4"  I.D.  conical  nozzle.  Figure  V.H.1-1,  was 
tested  at  the  beginning  and  end  of  the  test  series.  The  data  from  the  two 
test  days  established  an  average  unsuppressed  nozzle  baseline  to  which  all 
suppressor  nozzles  were  referenced  for  suppression. 

Acoustic  tests  were  performed  on  the  GE,  Evendale,  Jet  Engine  Noise 
Outdoor  Test  Stand  (JENOTS) ,  with  data  recorded  on  an  arc  of  40  ft.  radius  from 
the  nozzle  exit  at  angles  of  20,  30,  40,  50,  60  and  70  degrees  from  the  Jet 
exhaust  axis.  Data  were  recorded  directly  in  octave  bands  using  a  B&K  spectrom¬ 
eter/level  recorder  unit.  PNdB  levels  were  calculated  from  the  recorded  data 
after  the  frequencies  had  been  scaled  by  8:1  to  simulate  full  scale  single  engine 
levels  at  a  320  ft.  radius.  The  peak  PNdB  level  for  each  model  was  compared 
with  the  baseline  conical  nozzle  value  at  the  same  jet  temperature  and  total 
pressure.  Th.ust  tests  were  only  performed  on  the  conical  and  basic  plug  config¬ 
urations,  plus  the  most  promising  suppressor  models.  Comparisions  were  made 
relative  to  the  conical  nozzle. 

Presentation  of  Test  Results 

o  Baseline  Nozzles 

In  addition  to  the  baseline  conical  nozzle,  Model  0-3  of  Figure  V.H.1-1, 

two  unsuppressed  plug  configurations  were  acoustically  tested.  They  were  the 

plain  30°  plug.  Model  V-l  of  Figure  V. 11. 1-2,  and  the  30°  plug  with  a  secondary 

shroud,  Model  V— 1—1  of  Figure  V.h»l-3.  Both  plug  configurations  produced  peak 

PNL  levels  equivalent  to  the  unsuppressed  baseline  conical  nozzle.  Thrust  data 

shows  these  models  to  have  a  2  to  2.5Z  decrement  in  C.  relative  to  the  basic 

t  g 

cone.  A  photo  of  Model  v-l  is  included  in  Figure  V.H.1-23A. 
o  Primary  Suppressors 

Radial  rods  (or  tubes)  with  10GX  penetration  of  the  annulus  were  initially 
used  to  obtain  suppression,  tin  the  full  scale  engine,  these  suppressor  elements 
would  have  been  retractable  into  the  plus*  Initially,  eight  solid  radial  rod 
elements  were  employed  (Model  V-l-2  of  Figure  V.H.1-4).  The  rods  were  later 
replaced  by  eight  hollow  tubes  (Model  V- 1—2—1  of  Figure  V.H.1-5)  through  which 

'A.  * 
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simulated  compressor  discharge  bleed  (C.D.B)  air  was  ejected,  axially  aft,  at 
a  rate  4.52  of  the  primary  flow  rate.  The  cold  air  injection  increased  PNL 
suppression  by  2  PNdB  over  the  initial  5  PNdB  suppression  of  the  solid  tube 
model  at  the  design  point  pressure  ratio  of  3.0.  Use  of  radial  C.D.B.  injection 
at  plane  8  through  the  six  tubes  of  Model  V-l-2-2  in  Figure  V.H.1-6  lowered 
the  total  suppression  to  2.5  PNL  at  design  point  due  to  the  removal  of  the 
mechanical  blockage,  retaining  only  the  suppression  level  attributable  to  the 
C.D.B.  of  the  eight  tube  model. 

The  eight  circular  rods/tubes  of  Models  V-l-2  and  V-l-2- 1  were  replaced 
by  16  elliptical  tubes  of  cross  section  so  as  to  maintain  the  primary  blockage 
at  232  while  at  1002  penetration  of  the  annulus.  Variations  were  tested  with 
the  16  tubes,  including:  a)  Model  V-l-2-7,  Figure  V.H.1-7,  16  tubes  with  ends 
open  to  ambient,  no  secondary  shroud,  b)  Model  V-l-2-4,  Figure  V.H.l-8,  addition 
of  secondary  shroud  to  Model  V-l-2-7,  c)  Model  V-l-2-6,  Figure  V.H.1-9,  addition 
of  blow-in-door  shroud  to  Model  V-l-2-4,  and  d)  Model  V-l-2-5,  Figure  V.H.1-10, 
same  as  Model  V-l-2-6  but  with  the  ends  closed  on  the  elliptical  tubes  so  as 
to  block  any  ambient  air  pumping  through  the  tubes. 

Use  of  the  16  tubes  with  a  secondary  shroud,  Model  V-l-2-4,  increased 
suppression  at  a  pressure  ratio  of  3.0  by  1.5  PNdB  above  the  eight  rod  model. 
Adding  the  blow-in-door  shroud  to  Models  V-l-2-6  and  V-l-2-5  set  up  a  flow 
reversal  pattern  between  the  blow-in-door  shroud  and  primary  shroud,  and  also 
gave  reduced  suppression.  This  reverse  flow  invalidated  the  data  of  these 
models  for  direct  comparison  to  other  models.  Without  the  blow-in-door  shroud. 
Model  V-l-2-4,  thrust  loss  relative  to  the  conical  nozzle  was  about  82. 

Four  other  primary  suppressor  configurations  were  tested  on  the  iO*  plug, 
all  four  segmenting  the  primary  shroud  to  forts  either  deep  or  shallow  penetrat¬ 
ing  chutes  into  the  primary  flow.  Model  V-2  (Figure  V.H.i-U  and  photograph 
in  Figure  V.H.1-23A)  segmented  the  primary  shroud  into  36  sectors,  id  sectors 
forming  full  penetration  chutes  into  the  plug  resulting  in  5S2  blockage  of  the 
annulus.  No  blow- in-door  or  secondary  shrouds  were  used.  The  nozzle  gave 
8.5  PNl  suppression  at  design  of  ?T8  f?o  9  3.0  and  held  good  suppression  across 
the  tested  velocity  range.  Also  it  was  the  only  suppressor  to  attenuate  the 
low  to  aid-frequencies,  instead  of  the  aid  to  high.  Thrust  decrement  of  about 


62  C-n  relative  to  the  conical  nozale  uu  measured .  Models  V-S,  Figure  V.H.l-12, 
Model  V-5-1,  Figure  V.H.1-13  and  Model  V-5-2,  Figure  V.H.1-14,  arc  tertaed 
primary  flip-flap  designs.  The  primary  shroud  is  segmented  in  16  sectors, 
eight  retaining  the  original  primary  shroud  contour  and  eight  partially 
penetrating  the  primary  stream.  A  photograph  of  Model  V-5  is  included  in  Figure 
V.H.1-23A.  The  eight  segments  penetrating  the  annulus  had  semi-sidewalls  to 
partially  retain  the  primary  flow.  Model  V-5,  without  a  secondary  shroud,  gave 
about  5.5  1‘NL  suppression  at  design  pressure  ratio  *  3.0.  Models  V-5-1.  and 
V-5-2  used  a  secondary  shroud  at  two  axial  locations;  However,  reverse  flow 
through  the  secondary  inlet  resulted  and  reduced  the  suppression  attained  at 
higher  11022  lc  pressure  ratios. 

The  last  primary  suppressor.  Model  V-8-1.  Figure  V.H.l-15,  used  a  20® 
fluted  plug  and  a  36  segment  primary  shroud.  The  plug  was  relieved  in  eight 
equally  spaced  locations  as  shown  in  the  picture  of  Figure  V.H.1-23B.  The 
segmented  primary  shroud  had  18  sartors  fully  penetrating  the  annulus  to  the 
plug,  the  other  18  retaining  the  original  shroud  contour.  This  model  gave  near 
5  PNl  suppression  at  P/R  *  3.0. 

o  Secondary  Suppressors 

Secondary  suppressors  consisted  of  two  basic  systems.  The  first.  Model 
V-l-2-3  of  Figure  V. 8. 1-16,  had  8  radial  rods  at  the  D  which  simulated  blockers 
that  could  be  retraeted  into  the  plug.  it  gave  about  4  FNdh  suppression  at 
design  P/R  »  3.  The  second  system,  with  a  series  of  five  models,  used  H  equally 
spaced  chutes  within  the  seeotadary  shroud.  In  the  initial  tests  of  this  system 
at  502  chute  penetration  (Model  V-i-3-1  of  Figure  V.H.1-17)  and  at  852  penetra¬ 
tion  (Model  V-i-3  of  Figure  V.H.l-18  and  Model  V-l-3-3  of  Figure  V.H.t-H)  the 
models  were  set  up  such  that  primary  air  could  flow  down  the  backs  of  the  chutes, 
and  Halted  suppression  was  attained.  Addition  of  the  blow-in-door  shroud  in 
Model  V-l-3-3  increased  suppression  slightly  over  Model  V-l-3.  A  photograph  of 
Model  V-l-3  is  in  Figure  V. a. 1-23*. 

The  secondary  chute  positioning  scheme  was  changed  to  that  of  Models 
ia  Figure  V. 8. 1-20  and  V-l-3-4  in  Figure  V. 8. 1-21  no  that  flow  of 
primary  air  down  the  back  of  the  chutes  was  eliminated.  Fenetration  these 
two  models  was  d5?  of  the  annulus.  Model  V-,’ -3-4  being  identical  to  Model 
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V-l-3-2  but  with  addition  of  the  blcw-in-door  annulus.  The  models  gave  6,5 
and  5.5  PNL  suppression,  without  and  with  Che  blow-in-door  shroud,  respectively, 
but  had  a  thrust  loss  of  about  172  at  P/R  «  3.0.  A  photograph  of  Model  V-l-3-4 
is  shown  in  Figure  V.H.1-23E. 

o  Tube  Suppressor 

A  »uiti-tube/annuiar  plug  configuration.  Model  V-16  of  Figure  V.. ‘1.1-22, 
was  tested.  It  had  72  tubes  of  .444'*  1.0.  on  a  30*  included  angle  plug,  with 
the  tubes  exhausting  around  and  down  the  plug.  The  model  was  tested  over  a 
wider  range  of  test  conditions  than  the  previous  models  and  the  plot  of  Figure 
V, It. 1-22  shows  varying  suppression  to  about  10  PNdB  maximum  near  2000  to  2100 
ft/see  jet  velocity. 


Con el us  ions 


The  basic  30*  plug  nozzle  configuration  had  no  inherent  suppression 
relative  to  a  conical  nozzle,  but  a  thrust  loss  of  2  to  2.5%  Cc  . 

Primary  suppressor  configurations  which  gave  the  best  ratio  of 
suppression/thrust  loss  were  16  radial  U-ehutes  and  18  swept  chutes. 

The  measured  PNdB/AC.-  ratios  for  these  models  were  0.75  and  1.6, 

rg 

respectively. 

The  20"  fluted  plug  primary  suppressor  was  no  more  effective  than 
similar  suppressors  tested  with  the  30*  plug. 

The  penetration  secondary  chute  model  gave  a  suppression  ot 

6.5  PMdfi,  but  had  a  high  thrust  less  of  1?%.  Further  work  is  required 

to  define  a  configuration  of  this  type  with  a  higher  aPNdS/A0f.^  ratio. 

The  tube  uozzle  configuration  gave  a  high  suppression  level  of  near 
10  PNd8  at  2000  to  2100  ft /see  jet  velocities. 


e  basically  similar  magnitudes  of  suppression  (6.5  to  8.5  dh)  were 

obtained  from  all  three  types  of  suppressors  at  design  17 g  *  i.S.  however, 
primary  suppressor  thrust  losses  were,  in  general.  considerably  U-ss 
than  those  produced  by  the  secondary  chute  type  in  the  ratio  of  2:1 
or  greater.  To  obtain  an  effective  secondary  chute  suppressor,  chutes 
with  inherently  lower  thrust  losses  must  be  designed. 
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MODEL:  V-l-l 


"D 


DE3CRIPTI0H 

Model  V-l-1  had  a  conical  seconds  r; 
shroud  In  addition  to  the  conical  prl 
mary  shroud  and  jjO*  plug.  Prim  .try -to 
secondary  shroud  gap  was  set  at  1.5". 
Exit  area,  Aft  -  .0677  ft2. 

Material:  j?l  3.3.  for  plug,  primary 
and  aeeouditry  shrouds.  Pull  scale  Aft 
Pt2.  Scale  factor  *  8:1. 
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MODEL:  V -1-2-1 

8  Squally  spaced  tubes 
~j1  X^,j/8M  o.n.,  i/4-  i.d. 

4  x  1/8M  din.  holes 
f^Js/lh*  between  centers. 
0.25“  %e» 


DESCRIPTION 

Model  V-l-2-1  employed  conical  primary  an  l 
on'Jary  shrotrlr,  and  the  JO®  plu&.  Shroud  ,*>p  was 

A  total  of  8  equally  spaced  CDB  tubes, 

•  375"  O.D./.2‘}“  1.0.,  with  100; (■  penetration  to 
pltt£  surface  were  used,  Each.  tube  hat  4  hApi; 
.125®  1.0.,  tiaroupji  whieh  eospressor  Use  hur.  ,c 
bleed  air  was  blown  axially  aft.  Exit  are*, 

%  K  .0518  ft^.  Material;  321  a.  a.  for  pin 
shrouds,  and  tubes.  Pull  scale  Aq  a  3.3152  Ft6'. 
Scale  factor  -  8:1. 
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MODEL:  V-l-2-2 


6  CDB  tubeo 
on  8  wtttern 
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DESCRIPTION 

Model  V-l-2-2  had  6  radial  CUB  tubes 
aet  on  an  8-tube  pattern,  flush  mow: to  1 
to  shroud  I.D.  Shroud  HUP  was  1.5". 
Exit  area,  A3  *»  .0677  ft".  Material: 
j2l  0.3.  for  pIuk,  shrouds  and  tubes. 
Pull  scale  AQ  «  1*.  3326  Pt?. 

Scale  factor  *  8:1. 
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Fluiwe  V.H.l-fc  SCHEMATIC  AND  320  FT.  AKC  m  NOISE  LEVEL 
FOft  MODEL  V-l-2-2 
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DESCRIPTION 

Model  V- 1-2-7  uaed  the  16  elliptical 
tube3*  }/l6H  wide,  equally  apaced 
around  the  aimulua,  with  ICXX  tube 
penetration  to  plug  surface.  Tube 
cal’s  were  open  to  ambieat.  No  blow- 
l a -door  or  secondary  ahnjud  were  uaei. 
E^it  area,  An  «  ,0bl8  ft6*’.  Material: 
321  a.s.  Puli  scale  Ag  «  3 » 3152  Ft*. 


Vj  *  I REAL  JET  tfSLUCITY  -  Ft/See 


Fiaoufi  v.a.i-  ?  schematic  and  32a  ft.  arc  jet  mu  level 

FUR  HOUSE  V-t-2-7 
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TABLE  V.H.l-9  TEST  SUMMARY 


16  Equally  spaced 
elliptical  tubes 
open  to  ambient. 


DESCRIPTION 

Model  V-l-2-6  used  the  blow-in-door  shroud  ar¬ 
rangement  open  to  ambient  air.  Equally  a paced 
around  the  annulus  were  lo  elliptical  tubes,  j/l6H 
wide,  with  ends  open  to  ambient.  Tube  penetration 
waa  100*  to  plug  surface.  Frtwary-to-secondary 
shroud  gap  was  1.5".  Exit  area,  Ag  -  .0518  ft14’. 
Material;  321  8.3.  for  plug,  shrouds,  blow-in¬ 
door  and  tubes .  Full  scale  Ag  «  3.3l!?a  Ft 2. 

Scale  factor  *  8:1. 
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FICCRE  V.tt.l-9  SCHEMATIC  AMO  320  Ft.  ARC  JET  JiOISE  LEVEL 

tm  MODEL  V-l-2-6 
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16  Equally  spaced 
elliptical  tubes 
male  from: 
l/8*  OD  x  1/4*  ID 
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DK3CRIFH0N 

Model  V-l-2-5  employed  a  blow-in-door  shroud  open 
to  ambient  air  in  addition  to  the  primary  and  sec¬ 
ondary  shrouds.  Shroud  gap  was  1.5**.  Equally 
spaced  acouai  the  anauiua  were  16  elliptical  tubes, 
3/16"  wide,  with  closed  ends .  Tube  penetration,  was 
100#  to  plug  surface.  Exit  area,  Ag  =  .0518  ft8. 
Material:  321  s.a.  for  plug,  shrouds,  blow-in-door, 
and  tubes.  Full  scale  Aq  «  3*3152  Ft***  Scale 
factor  *  8:1, 
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Model  V-2  employe  1  a  jo-serjaente  i 
"Flip-Flap”  primary  ah  mil  with  f'ul 
ist  dewalls  (l8  in,  1 8  out}  rea  uUtn  . 
in  %j>  blocked  area.  The  jO*  plu.; 
war.  use!  bat  without  the  aecoaUry 
shroud  or  blow- in-door.  Sxit  are*, 
Ag  -  .0588  ft1-'.  Material:  jll  a. a. 
Full  scale  A8  «  3.7o32  Ft-.  Seale 
factor  =  8:1. 
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DKSClUmON 

Model  V-5  used  a  l6-segs»at?4  *\u'lij---i’lup** 
primary  shroud  (8  in,  8  out)  with  aemi- 
a i de walls.  No  secondary  shroui  wua  employe  l . 
Exit  area,  -  .0522  ft£.  Material;  j21  a. a. 
for  primary  and  plug.  Full  scale  Ag  s  i.  980-8  > 
Scale  factor  =  8:1. 
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MODEL:  V-5-1 


DESCRIPTION 

Model  V-5-l  had  a  conieol  aecon  lary  shroud 
with  a  tfap  of  1.31".  The  lb  ae^iente  i  “Flip- 
Flap**  primary  shroud  with  aerai -sidewalls  was 
uaed.  Kxi. t.  area,  *  . 'X)d2  ft*’.  Material; 
321  e.a.  for  plUf”  an  l  shrouds.  Full  scale 
Ag  ®  $.9808  Ft^.  Seale  factor  ®  8:1, 
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MODEL:  V-5-2 


16  Flaps;  8  in,  8  out 
serai  -n  He  valla 


DESCRIPTION 

Molel  V-S-2  used  the  16  segmented  "Flip- 
Flap"  primary  ahroud  with  a emi -a i  lev-alls. 
The  ahroud  m?  was  set  at  1.06".  Exit 
area,  AQ  =  .0o22  t‘t^.  Material;  y.i  a. a. 

Full  scale  Aq  *  3*9808  Ft2.  Scale  factor 

»  8:1. 
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MODELi  V-8-1 


18  Flaps  in. 


7  18  Flaps  out 


Plu<;  relieved 
in  8  places 


DESCRIPTION 

Model  V-8-1  employee!  a  36 -sei-Tnen  ted  "Flip-Flap" 
primary  shroud  (l8  in,  18  out)  with  no  sidewalls. 
A  20* -Fluted  conical  eenfear  plug  was  used.  The 
plug  was  relieved  in  0  places  to  increase  turbu¬ 
lence.  Kxlt  area,  Ag  --  .0920  ft^.  Material: 

321  3.3.  Full  scale  A q  ~  5.888  Ft***. 

Scale  factor  *  8:1. 


\ 


Baseline  Conical  Uostle 


||  ltk, 


£f\ 


Model 


ldOl— - 1 - L - 1 

2000  240Q  48OO 

Vj  *  IDSAL  wS?  mJDCm  -  ?t/S»C 

FtUfgg  V.h.i-11  SCHgttATfC  AND  120  Ft.  AMC  Jr*  KOtSK  Um 

F0&  MODEL  V-8-t 


PEAK  320 


H . I -L 7  TEST  SUMMARY 


«  •• 

w  * 


e  a 
3  3 


tS  H 


£  <a  g 


Sss 


,  On  H  C-  O  t"-  CM 

o  •  •  •  •  •  • 

I-  Q  ,H  ift  fO  CN  O  • 

3  3  SI  a  S  3 


S  4  4  (II  (ft  o 

•  •  •  •  •  » 

«  4  (0  4  (u  M  • 

f'")  m  oj  (vi  rn  ro 

H  H  H  H  H  H 


«  fll  N  4  H  N 

UN  VO  C?N  UN  -4  UN  * 

<n  cn  cm  04  ro  ro 

H  H  H  H  H  *-4 


£»  CO 

CO 


H  VO  O  -4 

«  »  «  &  A 

H  r-J  H  H  H 


"5. 

II  S 

#*  S*  o 

V 


UN  CO  H  ON  (O  c\|  4 


NO  v0  UN  UN  vfl 


O'  NO  <(l  UN  CNJ  O  O 

3  ¥  ¥*  ns  * 

«* 

W  §  a]  "7 

re*  3  8  q  o  o  o  o  o  o 

HU.  SiS  UN  UN  4  UN  UN  UN  UN 

*<  O  »•* 

*..,£>  w  w  CO  .4  r-4  04  ■* 

9  U  St  U  •  ■  •  *  •  .  • 

a  a  a  UN  NO  O  UN  4  un4 
Kk@s  CO  CO  CO  04  CO  oo  OO 

t»  H  H  H  4  »-4  r-i  r4 


CM 

© 

a) 

'£> 

QD 

go 

UN 

CD 

CO 

On 

M3 

uN 

£ 

3 

CO 

S 

04 

CM 

CM 

CM 

CM 

CM 

CM 

a 

4 * 
© 
CO 

H 

f- 

Q 

CO 

8 

CO 

8 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

«4 

CO 

CM 

CM 

CM 

CO 

CO 

CM 

UN 

UN 

© 

© 

CM 

CM 

fU  O  A  W  4  «  O 

M  M  p»  eu,  jy  W 

»••»•«• 
4  4  M  f)  «  4  4 


««4  CM  *0  u*  uN  Nfl  N 


MODEL:  V -1-3-1  j  ^-—8  Equally  spaced 
i  i  chutes. 


..  V/ 

3. 


2.18"- 


>.75H— 


psacuimoN 

Model  V-l-3-1  tad  8  equally  spaced 
chutes  on  the  secondary  shroud  with 
50$  annulus  penetration.  Shroud  yap 
was  1.5"*  Exit  area,  A$  -  .0‘S 77  ft*-’. 
Material:  }21  a. a.  for  pluy,  shrouds; 
Jlastelloy-X  i‘or  chutes.  Full  aeale 

Aq  *  4.3328  Ft2.  Scale  factor  *  8:1. 
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Flows  v.a.i-i?  schematic  urn  320  re.  arc  m  sout  utvo. 

FOR  N00FL  V-l-3-t 


DESCRIPTION 

Model  V-l-3  used  the  conic*!  primary  and  secondary 
shrouds  with  the  30®  plug.  Shroud  gap  was  1.5".  Equally 
spaced  around  the  annulus  were  0  chutes  on  the  seeon  t*ry 
shroud.  The  chutes  were  positioned  at  &5£  penetration 
to  plug.  Primary  air  flowed  down  the  hack  of  each  chute 
to  rejoin  the  wain  stream,  Exit  are*,  Ag  ~  .0 w?7  iv’. 
Material:  321  s.s.  for  plug  and  shrouds,  Bastelloy-X 
for  chutes.  Full  scale  AQ  »  k* 3328  Ft2.  Scale  factor*  8; 1. 
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MODEL:  V-l-3-2 


y\  8  Equally  spaced 


DESCRIPTION 

Model  V-l-3-2  employed  the  8  equally  spaced 
chutes  on  the  secondary  shroud  at  95#  pene¬ 
tration  depth  to  plug.  Shroud  gap  was  1.5" 
Exit  area,  A&  *  .0677  ft2.  Material:  321 
a. a.  for  plug,  ahrouds ;  HaateUoy-X  for 
chutes.  Full  scale  Aq  =  4.3328  Ft2.  Scale 
factor  ®  8:1. 
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V.H.2  XOLT I -ELEMENT  SPOKE/CHUTE  MODEL  SUPPRESSOR  PAflUBTKIC  INVESTIGATIONS 
ON  ANNULAR  PLUG  NOZ2LES 

Introduction  and  Objectives  of  Test  Series 

During  the  latter  phase*  of  the  Supersonic  Transport  development  program, 

.design  studies  of  high-airflow  engines  and  noise  suppression  systems  were 
conducted,  supported  by  scale  model  acoustic  and  aerodynamic  test  programs. 

The  recommended  engine  configuration  at  the  conclusion  of  the  study  was  a 
high-airflow  turbojet  operating  without  augmentation  at  liftoff.  The  engine 
design  was  set  near  800  pps  weight  flow  and  used  an  annular  plug  nozzle  system. 

The  suppressor  concept  which  provided  the  most  favorable  combination  of  high 
jet  noise  suppression  for  given  thrust  penalty  was  in  the  form  of  multi-element 
spoke/chute  geometry.  The  system  could  be  designed  to  be  most  beneficial 
in  the  liftoff  exhaust  nozzle  velocity  range  of  2300  to  2500  ft/sec  for  the 
high  airflow  engine. 

An  extensive  model  acoustic  and  aerodynamic  static  and  wind  tunnel  test 
program  was  conducted  to  determine  aero/acoustic  performance  of  individual 
suppressor  designs  and  to  parametrically  develop  design  guidelines.  Hie  guide¬ 
lines  were  to  be  used  to  design  a  more  refined  spoke  or  chute  annular  plug  jet 
suppressor  for  the  production  engine.  This  section  presents  the  individual 
models'  data  and  the  susaary  design  guidelines. 

Teat  Configurations 

o  Acoustic 

A  total  of  twelve  plug  nozzle  systems  were  tested  at  the  General  Electric, 
Evendale,  J KNOTS  acoustic  facility  as  per  Table  V.H.2-1,  in  addition  to  a 
baseline  5.7“  Dg  conical  nozzle.  The  twelve  systems  consisted  of  (9)  multi¬ 
element  spoke  nozzles,  (1)  multi-element  32-chute  nozzle,  (1)  12  element  deep 
chute  nozzle  and  (1)  baseline  unsuppressed  plug  nozzle.  The  systems,  with  the 
exception  of  Model  11,  simulated  the  G£4Jhtf2  exhaust  nozzle  design  and  were 
l/8th  scale  of  the  full  sire  engine  design.  The  initial  engine  exhaust  ne??le 
design  utilized  an  annular  convergent-divergent  flowpath  with  variable  flaps 
and  a  10*  half-angle  plug.  The  plug  would  have  overlapping  leaves  at  the  throat 
for  variable  throat  areas  and  a  contoured  plug  end.  All  the  acoustic  models 
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(vlth  the  exception  of  Model  11)  eiaulated  the  annular  convergent-divergent 
nozzle  system  with  a  10*  half-angle  plug  and  contoured  plug  end.  (All  initial 
aerodynamic  models,  which  were  identical  to  the  acouatic  models,  simulated  the 
10*  half-angle  plug  system.  Concurrent  with  the  model  aero/acoustic  parametric 
teat  series,  the  engine  exhaust  nozzle  design  wss  being  changed  to  a  cylindrical 
translating  shroud  plug  nozzle  uaing  a  15*  half-angle  plug  of  shorter  length; 
still  maintaining  the  plug  variable  at  the  throat  area  and  retaining  a  contoured 
plug  end.  None  of  the  acouatic  teat  models  simulated  thia  new  geometry,  however, 
three  aerodynamic  multi-element  suppressor  nozzles  and  six  non-suppressed  plug 
nozzles  were  designed  around  the  new  cylindrical  translating  ahroud  15*  half- 
angle  plug  geometry  and  ware  aerodynamical ly  tested  at  FluiDyne  Engineering 
Corporation.) 

The  acoustic  models  were  designed  to  investigate  variations  of  spoke  and 
chute  geometric  parameters,  as  closely  as  possible  varying  ono  parameter  at  a 
time.  Doing  so  allowed  acoustic  and  aerodynamic  performance  changes  to  be 
associated  to  physical  changes  so  that  design  guidelines  could  be  formulated. 

Model  3  (Figure  V.M.2*12)  was  the  basic  no2zle  around  which  the  geometric 
parameters  were  varied.  It  was  an  area  ratio  of  2.0  design  and  had  32  tapered- 
planform  spokes  mounted  at  ?0*  to  the  nozzle  eenterline.  (Area  ratio  for  the 
annular  plug  suppressors  is  defined  as  the  ratio  of  total  annulus  area  to 
physical  flow  area).  By  comparing  other  models  to  Model  3,  five  geometri? 
parameters  were  investigated,  consisting  of  1)  area  ratio,  2)  element  number, 

3)  spoke  angle-of-attaek  to  the  gas  stream,  4)  spoke  planfom  shape,  and  5) 
spoke  versus  chute.  These  nozzle  sets  and  geometry  variations  are.* 

1)  Area  Uatlo  Variation  -  Models  6,  5,  and  7  (Figures  V.N.2-21.  -12  and 
-24)  holding  constant  a)  element  number  of  32.  and  b)  dO®  mount  angle 
to  gas  stream,  while  varying  area  ratio  at  settings  of  i.!»  2.0  and 
2.5  respectively. 

2)  Element  Number  Variation  -  Models  2,  3,  4  and  12  (Figures  V.H.2-d, 

-12,  -15,  and  -39)  holding  constant  a)  area  ratio  of  2.0.  and 

b)  mount  angle  to  gas  stream,  while  varying  element  number  at  settings 
of  24,  32,  48  and  b4,  respectively. 
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3)  Spoke  Anglc-of-Attack  Variation  -  Models*  3,  3  and  9  {Figures  V.H.2-27, 
•12,  and  “30)  holding  constant  a)  area  ratio  of  2.0,  and  b)  element 
number  of  32,  while  varying  the  spoke  angle-of-nttack  to  the  gas 
stream  at  settings  of  10*  forward,  normal  to  the  nozzle  centerline 
(90*),  and  10*  aft,  respectively. 

4)  Spoke  Planfotta  Shape  Variation  -  Models  3  and  S  (Figures  V.H.2-12  and 
•18),  holding  constant  a)  area  ratio  of  2.0,  b)  element  number  of 

32,  and  e)  augie-of-attack  to  gas  scream  of  90*,  while  varying  the 
spoke  planform  shape  from  tapered  to  parallel,  respectively. 

5)  Spoke  versus  Chute  -  Models  3  and  10  (Figures  V.U.2-12  and  -33), 
holding  constant  a)  area  rstio  of  2.0,  b)  element  number  of  32, 

c)  anglo-of-attack  to  gas  stream,  and  d)  planfora  shape,  while  changing 
from  solid  spoke  to  ventilated  chute  design?,  respectively. 

The  remaining  suppressor  nozzle.  Model  11  of  Figure  V.H.2-36,  used  a 
iO*  half-angle  pointed  plug-end  design  which  did  not  simulate  the  OE4-J6H2 
engine  exhaust  nozzle  geometry.  It  had  12  deeply  ventilated  chutes  and  was  of 
area  ratio  of  3.0.  The  nozzle  was  a  model  simulation  of  a  NASA,  Cleveland  .J85 
size  suppressor  and  was  tested  as  an  individual  configuration  non-related  to  the 
parametric  study. 

Model  1  of  Figure  V.U.2-6  was  the  base- ine  unsuppressed  plug  nozzle, 
simulating  the  exhaust  nozzle  aerodynamic  flowpath  with  the  suppressors 
mechanism  stowed.  The  multi-element  suppressor  would  be  deployed  only  during 
rv.e-up,  roil,  lift-off  and  climb-out  and  then  would  retract  within  the  plug 
eenterbody  for  storage.  The  unsuppressed  plug  geometry  was  tested  as  a  second 
baseline  ecrof iguraties  to  gauge  its  suppression  merit  against  the  industry- 
standard  conical  convergent  nozzle. 

The  acoustic  measurements  at  the  General  Electric,  Ivendale.  JESGT8  facility 

were  on  a  40  ft.  are  at  intervals  of  10*  fro®  30*  (or  20“)  through  IbO*  to  the 

exhaust  axis.  The  SE4jhli2  engine  running  line  was  simulated  over  ,he  cycle 

range  ef  /f*  from  1.4  to  4.0,  from  1273  to  2200s  ft  and  V  from  127*  to 
rs  e  *  m  z 

3000  ft /see.  Acoustic  measurements  were  taken  through  80  fcUa,  reduced  in 
i/3  »etave  hand  form  and  sealed  by  frequency  and  size  to  the  6F4d^i2  engine 
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size,  using  a  scale  factor  of  g:j.  All  data  presented  are  therefore  of  simulated 
engine  size  and  engine  frequency  range.  ** 

o  Aerodynamic 

A  second  set  of  suppressor  nozzles  was  manufactured  with  aerodynamical ly 
clean  external  flowpaths  for  wild  tunnel  testing  at  the  FluiDyne  Engineering 
Corporation.  Testing  for  internal  "static”  performance  and  wind-on  "Installed" 
aerodynamic  performance  was  done  in  FluiDyne *s  Channel  7  and  10  Facilities. 

(see  Section  li.E,  Volume  I.)  Sufficient  configurations  were  selected  to  develop  aero¬ 
dynamic  design  guidelines  to  parallel  those  of  the  acoustic  parametric  study.  These 
models  were  identical  to  the  designs  of  the  acoustic  hardware  (same  model  numbers 
and  photographs  used  in  the  figures  for  model  identification)  based  on  the  full 
scale  annular  convergent-divergent  exhaust  nozzle  with  a  10°  half-angle  plug 
and  contoured  plug  end.  Toe  models  included: 

1)  Area  Ratio  Variation  -  Models  6,  3  and  7 

2)  Element  Number  Variation  -  Models  2,  3  and  4 

3)  Spoke  Angle-of-Attack  Variation  -  Models  8,  3  and  9 

4)  Spoke  Planfcrm  Shape  Variation  -  Models  3  and  5  t 

50  Spoke  versus  Chute  -  Models  3  and  10 

The  models  were  tested  statically  (external  flow  Mach  number  =  0)  and  with 
external  flow  at  M  *  0.36.  A  nozzle  pressure  ratio,  P_Q/?  ,  range  of  approx- 

C  l  o  0 

imately  1.1  through  4.0  was  investigated  while  at  "  0  and  0,36.  Nozzle 
discharge  coefficient,  Cj,  and  thrust  coefficient,  ,  were  determined. 

In  addition  to  the  parametric  series  of  aerodynamic  tests,  three  other 
suppressed  nozzles  and  six  non-« oppressed  configurations  were  aerodynamical ly 
investigated.  As  mentioned  previously,  while  parametric  study  was  in 
progress  the  fuel  scale  engine  exhaust  nozzle  geometry  was  changed  to  .% 
eylindriea*  translating  shroud  plug  noaale  using  a  15®  half-angle  plug  of  shorter 
length,  still  maintaining  the  plug  variable  at  the  throat  area  and  retaining  the 
contoured  plug  end. 

The  three  suppressor  configurations  were  designed  around  this  new  geometry, 

(Models  20,  21  and  22  of  Table  V.8.2-1  and  Figure  V.8.2-S8)  and  were  tested 
aerodynamic ally  enly  before  contract  termination  in  March,  1071.  Two  of  the 
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configurations  were  chute  designs,  32  and  24  chutes,  respectively  for  Models  20 
and  21,  each  at  area  ratio  of  1.69;  the  highest  area  ratio  feasible  for  storage 
of  chutes  within  the  plug  centerbody.  The  third  suppressor  configurations. 

Model  22,  was  a  low  spoke  design,  using  24  spokes  at  a  physical  area  ratio 
of  1.38.  The  anticipated  low  Cjj  would  provide  a  higher  aerodynamic  blockage 
and  a  higher  effective  area  ratio  with  the  low  physical  spoke  area  for  lets® 
base  drag  performance  loss. 

Of  the  six  non-suppressed  model  configuration,  three  were  tested  statically 
and  with  wind-on  to  determine  nozzle  performance  at  important  unsuppressed 
flight  points.  They  arc  Models  14,  IS  and  16  of  Figure  V.H.2-59  and  Tabic 
V.H.2-1;  again  all  based  on  the  cylindrical  translating  shroud  15®  half-angle 
plug  geometry.  The  three  models  simulated  nozzle  aerodynamic  flowpcths  at 

power  cutback/approach  (Model  14  at  H  »  .36),  hold/divert  (Model  15  at  M  <* 

a  o 

47/. 90),  and  transonic  acceleration  (Model  io  at  M  -  1,1), 

o 

The  remaining  three  non-supprersed  model  configurations.  Models  17,  18, 
and  19  of  Figure  V.H.2-61  and  Table  V.H.2-1,  were  tested  statically  to  determine 
supersonic  cruise  internal  performance  of  the  cylindrical  translating  shroud 
nozzle  system  as  a  function  of  shroud  length. 

Presentation  and  Pis cuss  ion  of  Test  Results 

Presentation  of  acoustic  snd  aerodynamic  test  results  will  be  divided  into 
three  catgories;  a)  acoustic  models,  b)  parametric  acoustic/aerodynamic 
compariaoRS ,  and  c)  additional  aerodynamic  configurations. 

e  Acoustic  Models 

Presentation  of  the  individual  acoustic  models*  test  result*  l*  done  in 
Figures  V.fl.2-1  through  V.H.2-41  and  in  Tables  V.U.2-2  through  V.H.2-14, 
deliniated  in  the  summary  Table  V.H.2-1. 

The  5.7“  Dg  conical  convergent  nozzle  of  Figure  V.H.2-1  was  tested  on 
several  days  during  the  test  series  to  establish  the  unsuppressed  baseline  to 
which  the  other  nozzles  are  referred  for  suppression.  The  acoustic*  results, 
scaled  to  eagiae  size,  are  presented  In  Table  V.H.2-2  and  plotted  in  Figures 
V.H.2-2,  *3  and  -4  as  320  it,  arc  plus  303  and  1503  ft.  sideline  normalized  peak 


PNL  as  a  function  of  Ideal  jet  velocity.  On  Figures  V.H.2-3  and  -4  (lower  half) 
are  also  plotted  similar  acoustic  results  from  previous  tests  of  the  same  base¬ 
line  nozzle  in  1969.  Average  baseline  curves  were  drawn  through  the  1969  data 
(lower  half)  then  transposed  to  the  1971  data  plots  (upper  half).  Baseline 
data  repeated  very  well  and  substantiated  the  use  of  the  average  curves  for 
comparison  to  ail  other  test  models.  Figure  V.ll.2-5  presents  1500  ft.  sideline 
PNL  distribution  as  a  function  of  angle  from  the  jet  exhaust,  for  the  two  test 
dates.  Distribution  is  smooth  as  anticipated,  except  at  high  jet  velocity  where 
the  supersonic  jet  shock  tones  are  present. 

Format  for  presentation  of  acoustic  data  for  Models  1  through  12  is 
consistent  for  each  model,  os  follows: 

o  Photograph  and  model  description 
o  Tabulated  test  conditions  and  ucoustic  data  summary 
o  320  ft.  arc  normalized  peak  PNdB  versus  ideal  V 

o  300  ft.  sideline  normalized  peak  PNdB  versus  ideal 

o  1500  ft.  sideline  normalized  peak  PNdB  versus  ideal 

o  1500  ft.  sideline  PNL  distribution  with  angle  from  jet  exhaust 

Tables  and  figures  pertaining  to  individual  models  are  summarized  in 
Table  V.  11. 2*4. 

The  data  for  the  baseline  unsuppressed  plug  nozzle.  Model  l,  presented  in 
Figures  V.li.2-6,  -7  and  -8,  show  that  a  previous  supposition  on  plug  nozzles 
seems  valid  in  that  a  somewhat  significant  suppression  level  can  be  realized  from 
a  nan-suppressed  plug  nozzle  relative  to  a  standard  convergent  nozzle.  The 
level  of  suppression  is  dependent  on  the  plug  nozzle  design  geometry. 

Data  for  the  12  chute/plug  nozzle,  Model  11,  are  shown  in  Figures  V.H.2-36, 
-37  and  -33  and  indicate  a  significant  suppression  level  can  be  attained  bv  this 
design.  Of  particular  interest  is  the  uon-drop-eff  characteristic  of  suppression 
at  high  jet  velocity  due  to  the  high  area  ratio. 

The  data  for  the  other  nozzle  systems  are  discussed  in  the  following 
parametric  acoustic /aerodynamic  comparisons. 


o  Parametric  Acoustic /Aerodynamic  Comparisons 

Results  of  the  multi-element  spoke  and  chute  individual  model  acoustic 
and  aerodynamic  tests  are  presented  in  this  section  as  parametric  comparisons. 
The  individual  models'  300  and  1500  ft.  sideline  peak  normalized  PNL  plots  were 
used  to  generate  PNL  suppression  curves  and  are  included.  The  aerodynamic 
static  and  wind-on  results  are  also  included.  Comparisons  are  presented  for 
the  five  parametric  categories  as  follows: 
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1) 

Area  Uatio  Variation 

<•> 

*<3- 

1 

CM 
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through  -45C 

2) 

Element  Number  Variation 

V.H.2-46 

through  -48C 

3) 

Spoke  Angle-of-Attack  Variation 

V.  II.  2-49 

through  -51C 

4) 

Spoke  Planform  Shape  Variation 

V.H.2-52 

through  -54C 

5) 

Spoke  versus  Chute 

V.H.2-55 

through  -57C 

The  first  figure  of  each  set  includos  model  photographs  and  aerodynamic 

results  for  static.  M  ■  0,  and  wind-on,  M  *  0.36.  The  second  figure  of 

o  o 

each  set  compares  300  and  1500  ft.  sideline  peak  PNL  suppressions  as  a  function 
of  jet  velocity  and  the  specific  geometric  parameter.  The  third  figure  set 
compares  1500  ft.  sideline  spectra  as  a  function  of  the  geometric  parameter 
at  six  incremental  jet  velocities,  nominally  from  1300  to  3000  ft/sec.  Spectra 
for  the  baseline  conical  nozzle  are  also  included  at  most  Jet  velocities  so 
that  overall  spectra  suppression  can  be  gauged. 

Aerodynamic  test  results  are  presented  as  installed  gross  thrust  coefficient, 

,  not  as  a  A  C„  referenced  to  an  unsuppressed  nozzle  system.  As  a  gauge 
*8  f8 

of  the  true  thrust  decrement  due  to  the  suppressor  design,  Figure  V.H.2-42 
presents  the  baseline  unsuppressed  plug  results  for  Model  15  at  -  0.0  and  0.47. 
The  design  of  Model  15  (see  Figures  V.H.2-59  and  -60)  simulated  the  engine  exhaust 
nozzle  fiowpath  at  hold,  *»  0.47,  and  divert,  M^  ®  0.90,  however,  the  unsuppresaed 
nozzle  fiowpath  at  takeoff  would  be  nearly  identical.  Therefore  the  presented 
results  would  be  an  accurate  baseline  at  «  0  and  can  be  interpolated  for  » 
0.36,  at  which  the  suppressed  nozzles  were  tested.  Thus,  a  gauge  of  thrust 
decrement  attributable  solely  to  the  suppressor  design  can  be  had  by  comparing 


the  individual  models'  gross  thrusc  coefficients  to  those  presented  in  Figure 
V.H.2-42. 

the  area  ratio  comparison  curves  of  Figure  V.H.2-44  (as  well  as  those  of 
later  curves)  show  that  high  levels  of  PNL  suppression  can  be  attained  through 
use  of  multi-element  annular  plug  suppressor  systems.  The  trends  at  the  300  and 
1300  ft.  sidelines  are  similar  to  those  previously  measured  in  the  multi-tube 
suppressor  series  (see  Figures  V.F.9-20  and  -21),  with  the  velocity  at  which  peak 
suppression  occurs  increasing  with  higher  area  ratio.  The  area  ratio  of  2.0 
model  has  the  best  suppression  characteristics  except  at  high  jet  velocities, 
where  area  ratio  of  2.5  was  optimum.  The  area  ratio  of  1.5  model  gave  lower 
suppression  at  all  velocities.  This  model,  however,  had  spokes  with  somewhat 
less  taper  than  the  other  models  and  this  may  havo  contributed  somewhat  to  its 
poorer  than  anticipated  low  velocity  suppression. 

Figure  V.H.2-43  presents  the  static  performance  (M^  ■  0.0)  and  effect  of 
external  Mach  number  on  installed  performance,  as  a  function  of  area  ratio  and 
primary  nozzle  pressure  ratio.  The  results  clearly  indicate  the  necessity 
for  simulating,  the  proper  external  Mach  number  in  order  to  obtain  meaningful 
aerodynamic  performance  data.  At  a  0.36,  the  increase  in  area  racio  quite 
rapidly  decreased  thrust  coefficients  due  to  the  larger  blockage  area  and 
longer  spokes.  The  larger  and  longer  spokes  allowed  for  greater  base  area, 
particularly  near  the  center  of  the  nozzle,  to  which  ambient  air  is  not  pumped 
for  ventilation.  The  low  base  pressure  on  the  spokes  creates  the  largest 
portion  of  thrust  loss  in  the  form  of  base  drag.  The  low  pressure,  combined 
with  the  larger  base  area,  resulted  in  significant  performance  loss  with 
increased  area  ratio. 

Effect  of  element  number  on  1*NL  suppression,  Figure  V.H.2-47,  again  shows 
trends  similar  to  the  multi-tube  suppressor  series  (see  Figures  V.F.9-3S 
and  -36).  Feak  suppression  increases  with  greater  number  of  elements  but  at 
high  pressure  ratio  and  velocity,  the  smaller  spacing  between  flow  elements, 
associated  with  greater  element  numbers,  appears  to  be  acoustically  detrimental. 
This  is  due  to  the  separate  flows  coalescing  too  early  at  the  high  pressure 
ratios,  the  noise  then  being  dominated  by  the  coalesced  jet  still  at  high  jet 
velocity. 


Figure  V.H.2-46  shove  the  effect  of  eleaent  number  on  static  and  M  -  0.36 
performance.  Bach  configuration  had  the  some  flow  and  blockage  area.  As  the 
number  of  elements  decreased  the  individual  element  width  decreased,  lowering 
pressures  on  the  element  base  considerably.  This  results  from  the  flow  coalescing 
in  a  shorter  distance  downstream  of  the  base. 

Effect  of  spoke  angle-of-attack  variation  is  shown  acoustically  in  Figure 
V.H.2-50  and  aerodynaoically  in  Figure  V.H.2-49.  The  shift  of  velocity  at  which 
peak  suppression  occurs  suggests  a  relationship  similar  to  an  area  ratio  effect. 
Directing  the  flow  down  the  plug  (Model  8  with  spokes  10*  forward  -  normal  to 
the  10*  half-angle  plug)  gives  peak  suppression  at  a  low  jet  velocity.  In  this 
case  the  flow  simulates  a  low  area  ratio  and  individual  jet  streams  tend  to 
coalesce  close  to  Che  nozzle  exit  plane.  Aerodynamic  performance  with  this 
model  is  seen  to  improve  over  the  basic  Model  3  nozzle,  as  directing  the  flow 
parallel  to  the  plug  surface  pressurizes  the  plug.  As  the  flow  angle  was  increased 
relative  to  the  plug  surface,  the  static  pressures  on  the  plug  surface  decreased 
immediately  aft  of  the  suppressor  throat.  The  decreased  plug  pressure  was  reflected 
in  base  pressure  on  the  suppressor  elements,  resulting  in  higher  base  drag  and 
lower  performance.  The  spokes  at  90*  to  the  axis  (Model  3)  and  10*  aft  (Model  9) 
simulate  an  increased  area  ratio  since  the  flow  is  initially  spreading  out  from 
the  plug.  Hie  highest  suppression  is  thus  realized  from  the  10*  aft  model. 

Results  from  variation  of  spoke  planform  shape  from  tapered  of  Model  3 
to  parallel-sided  of  Model  5  are  shown  as  an  acoustic  comparison  in  Figure 
V.H.2-S3  and  an  aerodynamic  comparison  in  Figure  V.H.2-52.  Parallel-sided  spokes 
gave  somewhat  greater  high  velocity  PNl  suppression  than  the  tapered  spokes  of  the 
same  area  ratio.  With  the  tapered  spokes  the  spacing  between  flow  elements  close 
to  the  plug  is  smaller,  causing  the  core  flow  to  coalesce  quicker  at  high 
pressure  ratio/ jet  veloiety.  Suppression  capability  is  thus  lowered.  Aerodynamic 
loss  is  much  higher  for  the  parallel  sided  spoke  due  to  the  greater  base  area  at 
deeper  penetration  where  base  pressures  are  lower. 

Acoustic  comparison  of  the  ventilated  chute  (Model  10)  versus  the  solid 
spoke  (Model  3)  of  Figure  4. H. 2-56  indicates  the  entrained  secondary  flow  through 
the  open-ended  chutes  was  only  slightly  beneficial  acoustically .  Aerodynamical ly, 
as  seen  in  Figure  V.K.2-S5,  the  chutes  are  far  superior  due  to  higher  base 


pressure  and  corresponding  lower  base  drag.  These  trends  are  similar  to  those 
noted  for  multi-tube  suppressors  where  tube  length  was  investigated.  The  higher 
ambient  pumping  rate  through  a  bundle  of  long  cubes  was  only  slightly 
beneficial  acoustically  but  considerably  increased  base  pressures t  lowering 
the  accompanying  base  drag  and  resultant  thrust  decrement. 

o  Additional  Aerodynamic  Configurations 

As  discussed  earlier,  while  the  parametric  study  was  in  progress,  the 
full  scale  engine  exhaust  nozzle  geometry  was  changed  from  a  convergent-divergent 
flow  path  with  a  10“  half-angle  plug  to  a  cylindrical  translating  shroud  flow- 
path  using  a  15“  half-angle  plug.  Three  additional  suppressor  configurations 
were  designed  around  this  new  geometry  and  tested  aerodynamical ly  before 
contract  termination  in  March,  1971.  Acoustic  models  were  not  finalized, 
so  only  aerodynamic  static  and  wind-on  data  are  available.  Figure  V.H.2-58 
presents  a  photograph  and  test  results.  Models  20  and  21  were  of  32  and  24 
chute  designs,  respectively;  each  at  area  ratio  of  1.69.  The  third  configuration. 
Model  22,  was  a  low  discharge  coefficient  (C^)  design,  using  24  "V"  shaped 
spokes  mounted  backwards  within  an  area  ratio  of  1.38  design.  Both  static  and 
wind-on  aerodynamic  results  were  very  promising. 

The  unsuppressed  nozzle  configurations  of  Figure  V.H.2-59  were  tested 

statically  and  with  wind-on  to  determine  the  basic  nozzle  system  aerodynamic 

performance  at  other  critical  mission  points.  The  nozzles  are  designed  around 

Che  cylindrical  translating  shroud  concept  with  a  IS*  half-angle  plug  and  simulate 

exhaust  areas  and  flowpaths  at  power  cutback/approach  (Model  14  at  M^  *  0.36), 

hold/divert  (Model  15  at  M  •  0.47/0.90),  and  transonic  acceleration  (Model 

o 

16  at  Mo  «*  1.1).  The  nozzles  were  tested  at  Mq  *  0  and  at  their  respective 
design  M^'s  and  results  are  presented  in  Figure  V.B.2-60. 

The  remaining  three  unsuppressed  models  are  shown  in  figure  V.B.2-61, 
along  with  their  aerodynamic  test  results.  They  are  Models  17,  18,  and  19, 
designed  with  the  exhaust  nozzle  flowpath  geometry  at  supersonic  cruise.  They 
have  shroud  lengths  to  simulate  full  scale  dimensions  of  18.3**,  44.0“,  and  61.0“, 
respectively.  They  were  tested  statically  (M^  *  0)  to  determine  the  optimum 
shroud  length  for  best  internal  nozzle  performance  at  the  supersonic  cruise 
nozzle  setting.  A  full  scale  44“  long  shroud  was  selected  as  giving  the  best  * 
trade  of  performance  for  weight. 
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A  summary  of  aerodynamic  performance  results  for  all  test  models  is 
included  in  tabulated  font  as  Table  V.H.2-15.  In  addition  to  the  thrust 
coefficient  data,  which  has  been  plotted  on  the  enclosed  figures,  the  table 
also  has  nozzle  discharge  coefficients,  C_. 
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SUMMARY  OF  ACOUSTIC  AND  AERODYNAMIC  MODEL  SPOKE/CH'JTE  AND  UNSUPPRESSED  CONFIGURATIONS 
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5.713*  I.».  Exit  Area,  AS  -  25.63  in2,  Iteterial:  304  S.S. 
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Model  1  was  the  baseline  plug  nozzle  having  an  unsuppresBed 
conical  primary  shroud  and  a  center  plug  with  a  20°  cone 
angle  (10°  half  angle).  Both  the  primary  shroud  and  center 
plug  were  water  cooled.  Exit  Area,  A8  ■  3f»5  in.  ,  Material! 
304  S.S.  for  both  plug  and  shroud. 


TAB1E  V.H.2-1  TEST  SUMMARY 
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FIGURE  V.H.2-6  HARDWARE  AND  TEST  SUMMARY  FOR  MODEL  1 
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•  Hflfttt.  2 

•  »  tMUXKD  turn?  *t  *** 

•  4JtEA  k*tU>  *  2,0 


Model  f*  used  the  20°  plug  with 
conical  primary  shroud.  The 
suppressor  system  consisted  of  a 
total  of  2k  spokes  with  tapered 
sides,  equally  spaced  and  positioned 
at  90°  to  the  nozzle  axis.  Spoke 
width  at  tip  -  ,8266;  hub  •  .18 75*. 
Exit  Area,  AS  «  30.83  in®.  Area 
Ratio  -  2.0,  Material:  iOk  S.S.  for 
plug  and  shroud;  RA-333  for  spoke 
suppressors. 
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Model  3  employed  32  tapered  spokes, 
equally  spaced  and  set  at  90°  to  the 
nozzle  axis.  Spoke  width  at 
tip  -  .5712“}  hub  -  .1675".  Exit 
Area,  A8  •  30.83  in.  Area  Ratio 
•  0.0,  Material:  304  S.S.  for  plug 
and  shroud;  RA-333  for  spoke 
suppressors. 
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Model  6  employed  3 2  tapered  spokes 
equally  spaced  and  set  at  90°  to 
the  nozzle  axis.  Spoke  width  at 
tip  -  .2814";  bub  -  .1875".  Exit 
Area,  A8  ■  30*83  in2,  Area  Ratio 
■  1.5?  Material:  304  S.3.  for  plug 
and  shroud;  RA-333  for  spoke 
suppressors. 
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Model  7  bed  32  tapered,  spokes, 
equally  spaced  and  set  at  90°  to 
the  nozzle  axis.  Spoke  vidtb  at 
tip  -  .7650";  bub  -  .1675".  Exit 
Area,  AS  -  30.63  in  ,  Area  Ratio 
•  2.5,  Material:  304  S.S.  for  plug 
and  sbroud;  RA-333  for  a poke 
auppreaaors. 
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Model  8  used  32  tape  red  spokes, 
equally  spaced  sod  tilted  10° 
forward  of  tbe  perpendicular  to 
the  nozzle  axis.  Spoke  width  at 
tip  -  .5739";  bub  -  .1875".  Exit 
Area,  A0  ■  30.63  in  ,  Area  Ratio 
■  2.0,  Material:  30k  S.S.  for  plug 
and  ebroudj  RA-333  for  spoke 
suppressors. 
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Model  9  employed  32  tapered  spokes, 
equally  spaced  and  tilted  10°  aft 
off  the  perpendicular  to  the  nozzle 
axis*  Spoke  width  at  tip  •  .5738*; 
hub  •  .1875*.  Exit  Area,  AS 
•  30.83  in%  Area  Ratio  »  2,0, 
Material:  30k  S.3.  for  plug  and 
shroud;  RA-333  for  spoke  suppressors. 
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Model  10  heui  32  tapered  chute 
suppressors,  equally  spaced  and 
set  at  90°  to  the  nozzle  axis* 

Chute  width  at  tip  »  .565"; 
hub  •  .1875*,  Exit  Area,  A8 
■  30.83  in^,  Area  Ratio  ■*  2.0, 
Material:  304  S,S.  for  plug,  shroud 
and  chutes. 


•  32  TAPKkKD  CHU  TES  At  90* 

•  AREA  RA1  Ul  »  2.0 


TABLE  V. H .  2*12  TEST  SUJWAitY 


MODEL  KO.  10 

DESCRIPTION :  32  Taperad  Cbui-os  ®  90°,  Area  Rati.  •  2.6 
DATE:  1-23-71 

0  DATA  INCLUDES  CROUND  REFLECT! CM  INTERFERENCE 
0  ANGLE  REFERENCED  TO  JET  EXHAUST 
TEST  "CONDITIONS  1 


*“*  *0  78  P8/P0  *T8  V 

NO.  PSXA  I  PSIA  I  TB  °R  J 
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ACOUSTIC  TEST  RESULTS 
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FIGURE  V.H.2-33  HARDWARE  ADD  TEST  SUMMARY  FOR  MODEL  10 
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•  MODEL  11 

•  NASA  CIU'TKP  |‘UC  Nit/2  li. 

•  U  tAltKKD  CHUTES  SI  ANTED  10*  FORWARD 

•  !«'  iiai  r  ancu:  STHAIMIT  m*c 

•  AREA  RATIO  m  J.O 


Model  11  was  a  NASA  chuted  plug 
nozzle  wblcb  bad  a  20°  conical  plug 
and  12  tapered  chutes  slanted  10° 
forward  off  the  perpendicular  to 
the  nozzle  axis.  Exit  Area, 

A8  ■  17.08  in2.  Area  Ratio  •  3.0, 
Material:  304  S.S.  for  plug, 
shroud;  RA-333  for  spoke  suppressors. 


-V.S.2-13  TEST  SUMMW 

M0EEI  SO.  u  :  SCAIJ  MODEL  -  17,08  In2 

DESCRIPTION  NAS*  Chvit.d  Plug  Noitl«,  12  T«p*r#4  ChutU.  3l*nt«4  10°  PoumiI  PULL  SCALE  Aft  •  7.59  ft2 
(Norm*!  Lo  Plug),  10°!!. If  Angl*  Straight  Plug,  Ar*.  R.tlo  •  3.0  8 

DATS:  3-18-69  SCALS  FACTOR  .8:1 
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ACOUSTIC  TEST  RESULTS  j 
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FIGURE  V.:i.2-45B  EFFECT  OF  AREA  RATIO  ON  1500  FT  SIDELINE  SPECTRA 
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FIGURE  V  .3.2-46  HARDWARE  USED  FOR  PARAMETRIC  INVESTIGATION  OP  SPOKE 
NUMBER;  AERQDX1AMIC  TEST  RESUITS 
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FIGURE  V.H.2-47  EFFECT  OF  SPOKE  NUMBER  ON  300  FT  AND  1500  FT  SIDELIMK  pvi 
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iABLE  V.H.2-1S  SUMMARY  OF  AERODYNAMIC  TEST  RESULTS  ON  SCALE  MODEL  NOZZLES 


MODEL  CONFIGURATION 
(SCALE  FACTOR  8il) 


ftodel  2  -  A 
24  Spokes  (?  90* 

Arcf.t  Ratio  ■  2.0 
Model  ALi  -  14.910  it» 


MACH 

NOZZLE 

THRUST 

DISCHARGE 

NUMBER 

PRESSURE 

COEFFICIENT 

COEFFICIENT 

M 

RATIO,  P  fV 

18  o 

Cf« 

cn 

0 

1.810 

.9325 

.8481 

0 

3.020 

.9513 

.9016 

0 

4.038 

.9486 

.9099 

H*  ShE^Bk  !  ■ 


Model  3-0 
32  Spokes  (!)  90* 

Area  Ratio  *  2.0  „ 

Model  Ag  »  15.098  itT 


1.043 

1.207 

1.408 

1.794 

3.031 

4.044 


.8407 
.8  390 
.8730 
.8955 
.9140 


.8229 

.8359 

.8508 

.8808 

.9190 

.9218 


.8894 


Model  4  -  Q 

48  Spokes  @  90* 

Area  Ratio  «  2.0 
Model  A„  *  14.649  in*’ 

(7 


Hedei  5  -  & 

32  Spokes  @  90* 

Parallel  Sides 

Area  Ratie  ®  2.0  , 

Model  A,  »  14.972  ift* 
8 


Medei  b  -  Q 
32  Spokes  @  §0* 

Area  Ratio  ^1.5  , 

Model  »  15.012  i«“ 


.  9205 


.8918 

.9189 


9 

6 


3.02.4 

4.058 


TABLE  V.H.2-15  SUMMARY  OF  AERODYNAMIC  TEST  RESULTS  ON  SCALE  MODEL  NOZZLES  (Cont.) 


MODEL  CONFIGURATION 
(SCALE  FACTOR  8 si) 


MACH 

NUMBER 

M 


NOZZLE 
PRESSURE 
RATIO,  PT8/Po 


THRUST  DISCHARGE 

COEFFICIENT  COEFFICIENT 


Model  8  -  Q 

0 

1.816 

.8904 

.8527 

32  Spokes  10°  Forward 

0 

3.002 

.9295 

.3984 

of  Perpendicular 

0 

4.008 

.9292 

.9040 

to  Plug  Centerline 

.355 

1.802 

.8108 

.8585 

Area  Ratio  =2.0  - 

.355 

2.990 

.8730 

.  5993 

Model  Ag  »  15.198  in 

.362 

3.992 

.8945 

.9057 

Model  9-0 

0 

1.830 

.8522 

.8683 

32  Spokes,  10°  Aft 

0 

3.008 

.8762 

.9072 

of  Perpendicular 

0 

4.004 

.9089 

.9108 

to  Plug  Centerline  „ 

.350 

1.804 

.7829 

.8743 

Model  Ag  =  15.978  in 

.361 

2.991 

.8280 

.9045 

.358 

.  3989 

.8821 

.9049 

Model  10  -  0 

0 

1.807 

.9224 

.9706 

32  Chutes  @  90° 

0 

3.004 

.9449 

.9788 

Area  Ratio  =2.0 

0 

4.034 

.9536 

.9807 

Model  A„  =  14.655  in 
o 

.361 

1.825 

.8616 

.9740 

.365 

3.036 

.9107 

.9770 

.360 

3.987 

.9278 

.9803 

.499 

1.771 

.8391 

.9763 

.500 

3.000 

.8875 

.9809 

.501 

4.015 

.9186 

.9803 

Model  14  -  V 

0 

1.597 

,9619 

.9879 

Unsuppressed 

0 

2.004 

.9673 

.9692 

15°  Plug 

.356 

1.215 

.9486 

1.0252 

Cutback/Approach 

.356 

1.590 

.9541 

.9865 

!  Mode,  Mq  =  . 36  „ 

.356 

1.996 

.9601 

.9676 

Model  A„  *  18.038  in 


>del  15-0  G 

Unsuppressed  0 

15°  Plug  0 

Hold/Divert  0 

1.562 

1.996 

3.010 

4.053 

".9319 

.9527 

-.9771 

,9821 

1.0095 

.9808 

.9809 

.9814 

Mode,  Mq  =  .47/, 90  „  .468 

1.562 

.9118 

1.0052 

Model  Ao  =  12,969  in  .468 

2.001 

.9446 

.9779 

.469 

3.012 

.9724 

.9812 

.895 

1.979 

.9051 

.9813 

.898 

3.009 

.9487 

.9820 

.895 

4.005 

.9530 

.9806 

-TV? 


TABLE  V.H.2-15  SUMMARY  OF  AERODYNAMIC  TEST  RESULTS  ON  SCALE  MODEL  NOZZLES  (Concluded) 


MODEL  CONFIGURATION 
(SCALE  FACTOR  8:1) 

MACH 

NUMBER 

M 

0 

NOZZLE 

PRESSURE 

RATIO,  P  /P 
*  T8  o 

THRUST 

COEFFICIENT 

C, 

fg 

DISCHARGE 

COEFFICIENT 

CD 

Model  16  -  Q 

0 

5.932 

.9733 

.9833 

Unsuppressed 

0 

7.678 

.9833 

.9834 

15°  Plug 

0 

8.980 

.9850 

.9834 

Transonic  Accel 

1.094 

6.046 

.9053 

.9814 

Mode,  Mq  =  1.1  - 

1.099 

7.852 

.9332 

.9828 

Model  Ag  =  11.290  in 

1.097 

8.435 

.9369 

.9811 

Model  17-0 

0 

22.961 

.9883 

.9827 

Supersonic  Cruise 

0 

25.894 

.9892 

.9823 

Shroud  Length*=  18.3" 
Mvdel  Ag  =  12.975  in2 

0 

27.537 

.9887 

.9823 

0 

28.346 

.9861 

.9826 

Model  18-0 

0 

20.472 

.9890 

.9840 

Supersonic  Cruise 

0 

23.011 

.9909 

.9809 

Shroud  Length*^  44" 

Model  Ag  =  12.998  in2 

n 

0 

25.050 

.9904 

.9830 

0 

26.023 

.9897 

.9824 

Model  19  -A 

0 

22.064 

.9716 

.9814 

Supersonic  Cruise 

0 

22.744 

.9699 

.9825 

Shroud  Length*=  61" 
Model  Ag  =  12.958  in2 

0 

23.410 

9694 

.9823 

Model  20  -Ch 

0 

1.794 

.9595 

.9615 

32  Chutes  15°  Forward 

0 

3.024 

.9695 

.9661 

ot  Perpendicular 

0 

4.011 

.9649 

.  967 

to  Plug  Centerline 

.357 

1.812 

.9061 

.9639 

Area  Ratio  =1.69  9 

Model  Ag  =  14,709  in'" 

.359 

3.030 

.9408 

.9638 

.356 

4.028 

.9510 

.9668 

Model  21  -  h 

0 

1.799 

.9708 

.9786 

24  Chutes  .15°  Forward 

0 

3.017 

.9761 

.9853 

of  Perpendicular 

0 

4.029 

.9649 

.9848 

to  Plug  Centerline 

.357 

1.825 

.9218 

.9827 

Area  Ratio  =1.69  „ 

.355 

3.032 

.9517 

.9852 

Model  Ag  =  14,697  in 

.354 

3. 997 

.9559 

.9844 

Model  22-0 

0 

1.802 

.8896 

.8199 

24  Low  Cp  Spokes  15° 

0 

3.001 

.9260 

.8669 

Fwd,  o£  Perpendicular 

0 

3.990 

.9464 

.8690 

to  Plug  Centerline 

,356 

1.815 

.8641 

.8280 

Area  Ratio  =1.38  „ 

.359 

3.004 

.9167 

.8635 

Model  Ag  =■  19.030  in 

.361 

3.992 

.9413 

,8662 

^Simulated  Full  Scale 


VI.  SYSTEM  STUDIES 


VI. A  CHOKED  INLET  -  GE4  ENGINE 
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VI .A  CHOKED  INLET-GE4  ENGINE 


Test  Ptergoac  and  Configuration  Setup 


Acoustic  tests  of  a  choked  inlet  were  performed  in  1968  at  the  General 
Electric  Peebles  Proving  Grounds,  Site  4D,  at  Peebles,  Ohio.  The  full  scale 
GE4  Block  1  Engine  435-002  was  used  with  The  Boeing  Company's  axisymmetric 
variable  position  centerbody  inlet.  Purpose  of  the  test  was  to  determine  the 
acoustic  effectiveness  of  a  choked  inlet  on  the  suppression  of  compressor  noise 
radiation  from  the  GE4  engine  during  typical  cutback  and  approach  cycle  conditions. 

A  photograph  of  Engine  -002  with  the  shurp  lip  inlet,  as  mounted  on  the  Site 
4D  thrust  stand,  is  shown  in  Figure  Vl.A-1.  Schematically,  Figure  VI .A-2 
illustrates  the  geometric  features  of  the  varible  inlet  system  including  the 
reference  centerbody  location,  L.  The  inlet  eenterbody  throat  area  was  varied 
by  axial  movement  of  the  inlet  centerbody.  Tests  were  conducted  at  the  four 
throat  areas  of  815,  1005,  1135,  and  1215  sq.  in.,  as  shown.  As  the  minimum 
inlet  area  setting,  acoustic  measurements  were  taken  both  with  the  inlet  doors 
closed  and  open.  The  photograph  in  Figure  VI. A. -I  shows  the  inlet  doors.  Ac 

the  other  configuration  settings,  the  inlot  takeoff  doors  were  fully  ciosed. 

2 

For  all  the  tests  a  1318  in  couical  primary  exhaust  uozzle  was  fitted  to  the 
engine. 


Acoustic  data  were  obtained  simultaneously  from  microphones  located  at  a 
250  ft.  radius  from  the  engine  at  nozzle  centerline  heights  and  at  10°  increments 
from  Ga  to  160*  to  the  inlet  axis.  The  acoustic  data  vero  sr-davwd  in  1/3  octave 
band  form,  corrected  to  a  59*  F,  ?0Z  relative  humidity  standard  day,  and  with 
calculations  of  Q48PI  and  PNl  at  the  250  ft.  ate.  The  are  data  were  extrapolated 
to  the  300  and  1500  ft.  sidelines  using  standard  SAE  procedures. 

Data  Presentation  and  Results 

Table  Vl.A-1  summarizes  all  test  configurations,  engine  speeds,  inlet 
throat  Mach  nuaher  and  300  ft,  sideline  peak  PNdh  levels,  in  Figures  Vl.A-3, 

» 4  and  -5  the  acoustic  results  are  shown  in  terms  of  f*Ndh  levels  at  TOO  ft. 
sideline  versus  angle  to  the  inlet  axis  for  nominal  engine  speeds  of  4000, 

5000.  and  4?0O  rpet.  For  angles  up  to  90*  to  the  inlet  axis,  considerable 
attenuation  was  achieved  by  choking  the  inlet  Phi*  suppressions  of  up 


to  15  PNdB  were  attached  for  the  angles  close  to  the  inlet  axis  at  the  lowest 

speed.  The  suppression  decreases  with  Increase  in  rpra  due  to  the  increase 

in  jet  noise  contribution  to  the  total  engine  noise  output.  M though  the 

choked  inlet  gave  considerable  suppression  in  the  forward  quadrant,  the  300 

ft.  sideline  peak  PNdB  level  was  not  reduced  by  more  than  1  to  3  PNdB.  This 

is  more  clearly  shown  in  Figure  VI.A-6  which  plots  the  normalized  300  ft. 

sideline  PNdB  levels  for  each  inlet  configuration  versus  ideal  jet  velocity. 

Included  on  the  graph  are  earlier  measured  data  from  standard  belltnouth  inlet 

2 

“esting  with  the  1318  in  primary  exhaust  nozzle.  A  mean  line  is  drawn  through 
the  test  data  with  the  inlet  throat  choked  and  again  shows  only  limited  peak 
300  ft.  sideline  suppression.  At  tvpical  cutback  and  approach  conditions, 
the  choked  inlet  would  then  provide  from  I  to  3  peak  sideline  PNdB  suppression. 

On  an  EPNdB  basis,  the  suppression  would  be  considerably  higher  due  to  the 
change  in  PNL  directivity.  For  comparison,  the  SAE  jet  noise  prediction  line, 
extrapolated  below  1000  ft/sec  is  included  on  the  figure.  Even  with  the  choked 
inlet  removing  compressor  noise,  the  peak  sideline  PNdB  are  still  considerably 
higher  than  what  would  be  predicted  by  the  SAE  procedure. 

To  more  clearly  show  the  effect  of  inlet  choking  on  compressor  noise 
radiation,  1/3  octave  band  spectra  at  30°  and  110*  to  the  inlet  axis  are  illu¬ 
strated  in  Figures  VI. A- 7  and  -8,  respectively;  both  on  the  250  ft.  measuring 
are.  At  30*  the  compressor  noise  dominates  the  unchoked  spectra,  and  suppression 
by  choking  is  obtained  at  ail  fr^Quencies  above  400  Hz.  The  first  stage  funda¬ 
mental  tone,  at  a  frequency  of  1400  Ii2,  is  reduced  by  approximately  18  dB. 
Harmonies  of  this  tone  plus  tones  from  other  compressor  stages  ami  broadband 
noise  are  also  shown  to  be  considerably  attenuated.  At  the  angle  of  peak 
300  ft.  sideline  PNdB,  110*  to  the  inlet,  the  spectra  for  before  and  after 
choking  are  similar  except  for  a  slight  reduction  of  the  stage  l  compressor 
fundamental  tone  <1400  Ha)  down  to  the  noise  floor  from  the  other  engine/jet 
sources . 

Narrowband  analyses,  in  50  tia  bandwidth,  were  also  performed  on  the  recorded 
data  to  further  understand  the  effect  of  inlet  choking  on  far  field  noise.  Data 
for  nominal  engine  speeds  of  4000,  4500  and  4700  rpe,  at  30*  and  1 10*  to  the 
inlet  are  presented  for  both  unchoked  and  choked  inlet  conditions  as  follows: 


Engine  Speed  Inlet  Throat  Angle  From  Figure 


rpm 

Mach  No. 

Inlet 

No. 

4013 

0.25 

30° 

VI.A-9A 

4006 

1.00 

O 

O 

tn 

VI.A-9B 

4013 

0.26 

no0 

VI.A-9C 

4006 

1.00 

no 0 

V1.A-9D 

4506 

0.385 

O 

o 

VI.A-9E 

4496 

1.00 

© 

o 

VI.A-9F 

4506 

0.385 

110° 

V1.A-9G 

4496 

1.00 

110° 

VI .A-9H 

4703 

0.465 

o 

O 

VI.A-91 

4679 

1.00 

30° 

V1.A-9J 

4703 

0.465 

110° 

VI.A-9K 

4679 

1.00 

110° 

VI.A-9L 

o  The  data  show,  in  general,  that  both  broadband  noise  and  tones  are  considerably 
reduced,  especially  at  the  front  of  the  engine,  but,  at  the  angle  of 
peak  PNdB,  the  reductions  are  much  less  marked. 

o  The  broadband  compressor  noise  seems  to  bo  move  effectively  suppressed 
by  the  sonic  inlet  than  the  tones. 

o  Tones  still  exist  in  the  choked  inlet  spectra  and  tend  to  stand  out  more 
clearly  with  no  '•*»  aadband  skirts’*. 

o  At  the  lower  engine  speed,  4000  rpo,  the  tones  from  the  Sth,  6th ,  7th  and 
8th  compressor  stages  were  not  reduced  by  choking  at  the  110*  inlet  angle 
of  peak  PNdB  on  the  100  ft.  sideline  (see  Figures  V1.A-9C  and  -90). 

These  two  contribute  about  2  PNdB  to  the  total  noise  level  at  the  condi¬ 
tion. 

Additional  1/3  octave  band  spectra  plots  are  included  at  the  three 
nominal  engine  speeds  of  4000,  4S00,  and  4700  rp»  in  Figures  Vi.A-10,  -11 
and  -12,  respectively.  They  compare  the  300  ft.  sideline,  110*  peak  PNdB 
angle  spectra  for  choked  and  unehoFed  inle?  ssu  show  the  attained  spectra 
suppression.  Also  included  on  each  curve  is  the  estimated  free  field  jet 


noise  spectra  for  the  particular  jet  exhaust  velocity  associated  with  the 
cycle  point.  The  three  figures  all  show  that  choking  the  inlet  does  not 
completely  remove  the  compressor  noise  and  that  even  at  4700  rpm  the  peak 
300  ft.  sideline  noise  is  influenced  by  turbomachinery  generated  noise. 

Subsequent  to  the  1968  test,  The  Boeing  Company  determined  that,  to 
satisfy  the  power  cutback  engine  airflow  requirements  and  still  maintain 
reasonable  inlet  distortion  levels,  it  would  be  required  to  reconfigure  the 
inlet  in  the  sound  suppression  mode  to  have  the  inlet  doors  partially  open 
(total  door  inlet  area  *  8.6%  main  lip  area).  Due  to  this  geometry  change, 
an  acoustic  retest  of  the  choked  inlet  was  performed  at  Peebles  Site  4D 
during  April,  1969,  using  the  GE4  Engine  435-003.  The  purpose  of  the  test 
was  to  determine  change  in  attained  suppression  with  the  partially  opened 
doors . 

In  this  second  test  series  the  engine  primary  nozzle  area  was  fixed 
2 

at  1560  in  so  that  the  Block  I  engine  would  operate  statically  with  the 

same  absolute  jet  velocity  as  the  relative  velocity  of  the  production  type 

turbojet  during  a  typical  approach  cycle.  This  was  done  to  simplify  the 

process  of  obtaining  “in  flight"  predictions  from  measured  static  data.  To  * 

determine  the  effect  of  opening  the  blow-in-doors  on  the  far  field  noise, 

parametric  tests  were  run  for  a  range  of  centerbody  positions  from  0"  to  30" 

(see  Figure  VI.A-2)  with  doors  closed  and  partially  open.  In  all  cases  a 
bellnouth  inlet  was  attached  to  the  front  of  the  sharp-edged  inlet,  as  per 
Figure  VI.A-13.  This  was  to  prevent  flow  separation  at  the  inlet  lip  which 
beeame  somewhat  of  a  problem  in  the  1968  test  series. 

Steady  state  acoustic  measurements  were  again  taken  on  the  250  ft.  arc. 

In  addition,  noise  data  were  recorded  during  a  slow  engine  acceleration  for  each 
test  configuration.  Typical  of  the  data  thus  obtained  is  Figure  Vl.A-14  showing 
she  250  ft.  arc  30*  and  110“  to  inlet  variation  in  compressor  stage  l  fundamental 
tone  sound  pressure  level  with  physical  rpm  and  min  inlet  Mach  nuooer.  The 
configuration  is  with  the  fccn*erbody  at  the  16  inch  position  and  with  the 
inlet  doors  open  at  8.61.  This  again  shows  the  drop  in  noise  at  the  front 
of  the  engine  with  increase  in  inlet  Mach  number,  but  no  variation  at  the 
110*  position;  similar  to  the  1968  test  results. 

n 
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A  typical  approach  condition  was  simulated  at  4530  rpm  with  a)  the  centerbody 
set  at  24  inches  with  doors  closed,  and  b)  at  16  inches  with  doors  open  at  8.6X; 
both  conditions  attaining  approximately  0.85  main  inlet  Mach  number.  Figure 
VI.A-15  shows  the  30®  and  110"  1/3  octave  band  spectra  for  the  test  points  and 
Figure  VI.A-16  shows  their  PNdB  directivity,  both  at  the  300  ft.  sideline. 

The  data  show  that  partially  opening  the  blow-in-doors  at  approach  power  setting 
did  not  appreciably  alter  the  far  field  noise  levels. 

Conclusions 

o  At  angles  close  to  the  inlet  and  at  low  speed,  choking  the  inlet  reduced 
the  far  field  300  ft.  sideline  noise  up  to  15  PNdB.  However,  level  of 
suppression  decreases  with  increasing  speed  and  at  angles  further  from 
the  inlet. 

o  Sideline  peak  PNL  is  reduced  by  only  1  to  3  PNdB  due  to  other  engine/ jet 
noise  predominance  at  the  aft  quadrant  peak  noise  angle. 

o  On  an  EPNl  basis,  suppression  could  be  expected  to  be  considerably  higher 

than  the  peak  PNL  suppression  due  to  the  large  change  in  directivity  pattern 
from  unchoked  to  choked  inlet  operation. 

o  1/3  Octave  band  spectra  at  30*  show  reduction  up  to  18  dB  for  the  band 
containing  the  compressor  1st  stage  fundamental  tone.  Harmonics  of  this 
tone  plus  tones  from  other  stages  and  broadband  noise  are  also  considerably 
suppressed.  This  suppression  decreases  with  increasing  angle  from  the 
inlet. 

o  From  narrowband  analysis,  the  compressor  broadband  noise  seems  to  be 
more  effectively  reduced  than  the  tones.  The  tones  still  exist  in  the 
choked  inlet  spectra  but  tend  to  stand  out  of  the  broadband  noise  more 
clearly. 

o  Partially  opening  the  inlet  blow-in-doors  (to  satisfy  power  cutback  engine 
airflow  requirements)  had  no  appreciable  effect  on  the  sonic  inlet  far 
field  noise  suppression. 
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2?6  73.5  .53  107.2 
2*,  7  S9.0  1.0  112.5 
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m'KT  OF  CWOKfO  INLET  ON  J00  FT.  SIDELINE  PNL  DIRECTIVITY  AT  4000  RPM 
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EFFECT  OF  CHOKED  INLET  ON  250  FT.  ARC  SPECTRA  AT  30°  TO  THE  INLET 
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NARROWBAND  ANALYSIS  GHi  CHOKED  INLET  ACOl'STIC  TEST 


EFFECT  OF  CHOKED  INLET  ON  300  FT.  SIDELINE  SPECTRA  AT  110°  &  4000  R?M 


FIGURE.  VI.A-J2  EFFECT  OF  Ci'OKED  INLET  ON  300  FT.  SIDELINE  SPXTS 
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FIGURE  VI.A-13  GE4  ENGINE  435-003  WITH  BOEING  INLET- BELLMOUTH 
PEEBLES  SITE  4D 


•  ENGINE  435-003  •  CENTERBODV  AT  16  IK 

•  VARIABLE  INLET  *  BELLMOUTH  •  DOORS  OPEN  8.6% 
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FIGURE  VI  .A- 15  EFFECT  OF  VARIABLE  INLET  DOOR  OPENING  ON  FAR  FIELD  SPECTRA 
AT  30  s  &  110*  TO;  INLET 
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FIGURE  VI .A- 16  EFFECT  OF  VARIABLE  INLET  DOOR  OPENING  ON  FAR  FIELD  PNL  DIRECTIVITY 


VI. B  EXHAUST  NOZZLE  OPEN  AREA  SCHEDULE  -  GE4  ENGINE 
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At  a  given  exhaust  nozzle  throat  setting,  a  variable  Ag  exhaust  system, 
such  os  that  planned  for  the  GE4  engine,  could  be  advantageously  used  to  lower 
jet  noise.  At  approach  and/or  cutback  thruse  settings,  operation  of  the 
nozzle  at  a  larger  than  normal  Ag,  on  the  "open  area  schedule1*,  would  produce 
the  required  thrust  but  at  a  lower  than  normal  jet  exhaust  velocity,  thereby 
lowering  the  generated  jet  noise.  To  evaluate  this  open  area  schedule 
effectiveness,  acoustic  tests  were  performed  using  CE4  Engines  415-002  and 
435-003  at  the  Peebles  Proving  Ground  Site  4D  acoustic  facility. 

Test  Configurations 

Using  GE4  Engine  435-002,  four  fixed  area  conical  convergent  nozzles  at 

2 

Ag's  *»  900,  1000,  1200,  and  1300  in  ,  were  used  to  simulate  Ag  positions  of  the 

variable  exhaust  system.  On  GE4  Engine  435-003,  three  fixed  area  conical 

convergent  nozzles  were  used  at  Ag's  of  1200,  1300,  and  1560  in  .  Acoustic 

measurements  were  taken  on  a  250  ft,  arc  at  each  10*  increment  from  0*  to 

160*  from  the  inlet  axis.  Various  thrust  settings  were  set  while  using  each 

nozzle  within  the  range  of  10,000  to  34,000  lbs.  With  Engine  415-002,  acoustic 

measurements  were  also  taken  while  using  a  Two  Stage  Ejector  Nozzle  (TSEN) 

2 

with  the  1000  and  1200  in  primary  nozzles  giving  D^/Og  ratios  of  1.3?  and 
1.26,  respectively. 

Presentation  and  Discussion  of  Test  Results 

Acoustic  results  of  the  Engine  435-002  test  series  are  shown  in  Figure  Vi. 8-1; 

100  ft.  sideline  peak  PNdS  as  a  function  of  measured  gross  thrust.  The  figure 

shews  measurements  using  the  four  bare  eonieal  primary  (toggles  and  the  two 

eoae-pius-tSEJt  sys*e«s,  Almost  exaet  agreement  is  seen  with  the  SAE  predicted 

lines  for  the  four  fixed  Ag*s.  Measurements  with  the  eene-plus-TSEN  systems 

are  identical  levels  to  the  bare  conical  nozzles.  For  a  typical  thrust 

setting  of  28,000  lb.,  inspection  of  the  curves  shows  a  i*f*h  suppression  of  7  PNdft 

2 

by  increasing  nozzle  Ag  from  900  to  1300  in  ,  thus  verifying  the  effectiveness 
of  the  open  area  schedule. 
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Further  measurements  with  Engine  43S-003,  using  1300  and  1560  in  Ag 
nozzles  and  over  a  lover  range  of  thrust  settings,  are  shovn  in  Figure  VI. B- 2 
with  the  Engine  435-002  data,  the  data  are  again  300  ft.  sideline  peak 

2 

PNdB  as  a  function  of  measured  gross  thrust.  For  exhaust  areas  up  to  1300  in 

and  thrust  levels  above  20,000  lbs.,  the  agreement  between  engines  and  between 

engine  and  SAL  prediction  is  good.  Belov  this  thrust  level  and  for  the  larger 

exhaust  area  the  measured  data  was  nearly  10  dB  above  SAE.  At  these  low 

power  settings  the  internally  generated  turbomachinery  noise  predominates  over 

the  jet  noise  and  causes  the  measurements  to  diverse  from  predicted  levels. 

A  comparison  of  spectra  at  the  80*  from  exhaust  peak  PbIL  angle  is  done  in 

Figure  Vl.B-3.  The  spectra  are  for  1300  and  l j60  in  A^’s  with  the  engine 

operating  at  constant  thrust  of  15,000  lbs.  The  plot  shows  low  frequency 

noise  levels  from  the  jet  are  approximately  equal  in  level,  but  at  frequencies 

2 

above  1  Kits  the  noise  level  from  Cite  1560  in  nozzle  is  greater  due  to  running 
the  engine  at  higher  rp®  Co  maintain  the  same  thrust  setting. 

Figure  VI.B-4  shows  the  300  ft.  sideline  peak  PNdB,  normalized  to  account 
for  the  Aa  variance,  as  a  function  of  ideal  jet  velocity.  Th«  SaE  line,  also 
normalized,  is  included  for  comparison.  The  data  show  that,  for  a  given  let 
velocity,  the  larger  nozzle  areas  generate  higher  engine  noise  levels.  Thus, 
at  the  low  power  settings  and  more  open  Ag's,  the  acoustic  output  is  dominated 
by  the  internally  generated  noise  component  over  the  pure  jet  noise.  The 
internally  generated  turbomachinery  noise  increases  with  increase  in  rpa  and 
engine  rpm  increases  with  increase  Ay,  for  a  given  jet  velocity. 

Conclusions 

o  Open  area  schedule  is  effective  in  reducing  the  jet  wise  component  of 
engine  total  noise  levels  and  follows  that  predicted  by  the  SAE 
procedure. 

At  low  thrust  settings  and  with  large  Ay's,  the  6E4  measured  noise  became 
dominated  by  internally  generated  turbomachinery  noise,  overshadowing 
the  open  area  effectiveness  in  reducing  the  pure  Jet  noise  component. 
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VI. C  TURBOMACHINERY  NOISE  INVESTIGATION  -  GE4  ENGINE 


The  GE4  engine  was  identified  as  having  a  turbomachinery  noise  problem, 
particularly  at  the  low  thrust  settings  of  approach,  and  to  a  lesser  extent, 
at  power  cutback.  The  peak  noise  in  the.  aft  quadrant  of  the  GE4  engine  is 
relatively  unaffected  by  employing  a  choked  inlet  (See  Section  VI. A  -  Choked 
Inlet  -  GE4  Engine).  Narrowband  analyses  suggest  that,  at  this  angle,  the 
spectrum  is  highly  influenced  by  noise  components  from  the  turbomachinery 
which  are  either  transmitted  through  the  engine  exhaust  ducting  and  exhaust 
nozzle  or  through  the  engine  casing.  In  either  case,  noise  from  the  compressor 
or  turbine  could  have  significance. 


A  series  of  diagnostic  tests  were  planned  and  partially  completed  toward 
the  goal  of  determining  the  source  and  magnitudes  of  turbomachinery  noises, 
their  respective  propagation  paths  to  the  far  field,  and  their  contribution 
to  the  far  field  total  engine  acoustic  level.  Investigated  areas  of  interest 
included: 


o  Compressor  source  noise  identification  with  acoustic  probes  (Section  VI.C-l) 
o  Compressor  tip  shroud  treatment  study  (Section  VI.C-2) 

o  Noise  source  identification  with  directional  microphone  array  (Section  VI.C-3) 
o  J79  Turbomachinery  noise  test  (Section  VI.C-4) 

o  GE4  engine  435-007  near  and  far  field  acoustic  measurements  (Section  VI.C-5). 
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VI.C.l  COMPRESSOR  SOURCE  NOISE  IDENTIFICATION  WITH  ACOUSTIC  PROBES 
Objectives  of  Tests 


Several  attempts  were  made  to  identify  source  turbomachinery  predominant 
tones  and  their  acoustic  levels  by  using  traversing  acoustic  probes  within 
a  compressor,  while  undergoing  component  aerodynamic  testing,  and  during  tests 
of  a  final  engine  configuration.  These  tests  included: 

Phase  I.  -  Probe  measurements  within  the  Block  II  compressor  inlet  duct 
while  undergoing  component  aerodynamic  tests  in  a  tank  facility. 

Phase  II.  -  Probe  measurements  within  the  FTS  (Flight  Test  Status)  com¬ 
pressor  inlet  and  exhaust  diffuser  while  undergoing  component  aerodynamic 
tests  in  a  tank  facility. 

Phase  III.  -  Probe  measurements  within  the  FTS  compressor  inlet  while 
assembled  in  the  GE4  engine  435-007. 


The  probes  were  to  identify  a)  which  compressor  tones  propagated  forward 
and  aft  of  the  compressor,  and  b)  their  relative  acoustic  levels  near  the  source 
to  gauge  their  potential  for  propagation  forward  through  the  inlet,  aft  through 
the  engine  duct  and  nozzle,  or  through  the  casing  to  the  far  field. 


Presentation  of  Test  Results 


The  test  results  for  Phases  I,  II  and  III  are  presented  in  Figures 
VI. C. 1-1  through  -9.  Figure  VI. C. 1-1  schematically  shows  the  traversing  probes 
set  up  in  the  FTS  compressor  for  Phase  II  measurements.  Phase  I  measurements 
within  the  Block  II  compressor  were  similar  to  the  inlet  probes  of  Figure  VI. C. 1-1 
Figure  VI. C. 1-2  compares  the  Block  II  and  FTS  compressor  IGV,  first  stage  rotor 
and  stator  designs.  Figure  VI. C. 1-3  shows  the  inlet  duct  acoustic  probe  within 
the  GE4  engine  435-007  at  Peebles  for  Phase  III  testing. 

Typical  data  obtained  in  narrowband  form  are  shown  in  Figures  VI. C. 1-4,  -5 
and  -6  from  the  Phase  II  work  with  the  FTS  compressor  tank  test.  The  data  of 
Figures  VI. C. 1-4  and  VI. C. 1-5  were  obtained  from  intermediate  (-46.3")  axial 
probe  measurements  at  an  immersion  depth  of  approximately  50%  of  the  annulus 
height  for  corrected  compressor  speeds  of  64%  and  89.9%,  respectively.  Both 
plots  emphasize  the  predominance  of  first  stage  rotor  fundamental  and  harmonic 
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tones;  however,  with  the  higher  speed  point,  multiple  peaks  show  increasing 
predominance  and  are  labeled  as  to  origin.  Figure  VI. C. 1-6  is  typical  of  the 
compressor  diffuser  probe  data  with  all  stage  tones  defined.  This  plot  shows 
the  predominance  of  the  stage  9  compressor  tone  and  the  presence  of  all  other 
stage  tones  having  propagated  through  the  compressor. 

By  integration  of  tone  sound  pressure  levels  across  the  annulus  ducts, 
tone  power  levels  can  be  calculated.  Of  significance  from  the  Phase  II  test 
with  the  FTS  compressor  is  the  comparison  of  forward  and  aft  propagated  tone 
power  levels  for  each  compressor  stage,  as  shown  in  Figure  VI. C. 1-7.  It  is 
observed  that  the  forward  propagated  noise  is  dominated  by  the  first  stage 
only,  whereas  for  aft  propagation,  stages  4  through  9  are  the  major  contributors. 
The  forward  propagated  tones  should  be  considerably  reduced  by  the  choked 
inlet.  However,  the  attenuation  factors  to  be  applied  to  the  aft  propagated 
noise,  either  due  to  transmission  through  the  engine  casing  and  nacelle,  or 
due  to  propagation  through  the  combustor  and  turbine,  are  not  known. 

Looking  further  at  the  predominant  first  stage  compressor  fundamental 
tone,  the  duct  power  level  is  presented  as  a  function  of  corrected  speed  in 
Figure  VI. C. 1-8,  The  plot  includes  data  from  all  three  test  phases,  namely, 
the  Block  II  and  FTS  tank  (component)  tests  and  the  FTS  engine  test.  The 
FTS  tank  data  was  initially  10  dB  low  due  to  a  recording  error  but  is  now 
shown  corrected  and  complies  fairly  well  with  the  Block  II  data.  Trend  lines 
drawn  through  the  data  show  that  the  FTS  tank  test  levels  at  high  corrected 
speed  are  slightly  under  the  Block  II  tank  test  levels  due  to  the  difference 
in  design,  as  seen  in  Figure  VI. C. 1-2.  The  FTS  engine  test  data  follows  the 
FTS  tank  test  trend  line  quite  closely. 

Power  levels  for  fundamental  tones  of  all  the  compressor  stages  are  shown 
at  various  engine  speeds  in  Figure  VI. C. 1-9  from  the  Phase  III  FTS  engine  test. 
They  indicate  that  forward  propagated  noise  is  dominated  by  first  stage 
fundamental  tone  with  the  second  stage  contributing  somewhat  at  several  speeds. 
From  stages  3  through  9  the  levels  are  10  to  20  dB  below  those  of  stage  1. 


FIGURE  VI. C. 1-1  SCHEMATIC  OF  FTS  COMPRESSOR  TEST  VEHICLE 
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FIGURE  VI. C. 1-2  GE4  COMPRESSOR  GEOMETRY 
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VI. C. 2  COMPRESSOR  TIP  SHROUD  TREATMENT  STUDY 


Objectives  of  Teats 

Compressor  tip  shroud  treatment  was  investigated  as  a  possible  means  of 
noise  suppression  at  the  generation  source.  The  design  of  the  GE4  compressor 
included  cavities  over  the  rotor  tip  shrouds  which  could  have  possibly  been 
modified  to  accept  acoustic  liner  treatment.  A  schematic  of  the  concept  is 
shown  in  Figure  VI. C. 2-1  together  with  generalized  trends  of  acoustic  suppres¬ 
sion  of  aft  propagated  noise.  TVo  suppression  effects  would  be  anticipated. 

o  Tip  treatment  effect  -  this  is  the  effect  of  the  treatment  reducing 
the  noise  generated  at  the  tip  for  a  giyen  blade  row.  This  effect 
should  be  equal  for  all  stages. 

o  Lined  duct  effect  -  this  is  the  effect  of  the  treatment  acting  on  noise 
produced  by  previous  stages  and  would  have  a  lesser  effect  with  higher 
stage  number. 


Test  Configurations  and  Presentation  of  Results 

A  series  of  tests  were  conducted  to  obtain  preliminary  data  to  check  the 
viability  of  tip  treatment  effectiveness  before  incorporation  into  elaborate 
engine  hardware.  The  tests  were  performed  on  an  available  15"  diameter,  low 
tip  speed,  single  stage  compressor  which  was  modified  in  the  blade  tip  region 
to  accept  various  lengths  and  types  of  acoustic  treatment.  Figure  VI. C. 2-2 
is  a  schematic  of  the  vehicle  allowing  possible  variations  of  acoustic  treatment 
as  replacements  for  the  blade  tip  seals.  The  15  in.  compressor  rig  did  not 
simulate  the  GE4  compressor  operating  conditions;  however,  the  principles  of 
acoustic  suppression  developed  could  be  applied  to  the  CK4  design. 

The  first  test  series  used  a  bulk  absorber  treatment  consisting  of  a  22. 
open  perforated  face  plate  with  one  inch  of  Cerafeit  GK40G  filler.  The  rig 
utilised  eight  equally  spaced  rods  simulating  lev's  for  the  purpose  of  generating 
IGV/blade  interaction  noise  at  the  biade  passing  frequency.  Similar  testa  were 
run  with  no  rods  ahead  of  the  blades  to  determine  changes  in  treatment  effective¬ 
ness  as  a  function  of  noise  generation  mechanism.  Results  of  the  tests  are 
shown  in  Figures  VI. C. 2 -4  and  -5  illustrating  the  effectiveness  of  treatment 
widths  of  three4>lade  chorda  and  sioa-e  blade  row  only  with  lev’s  (Figures  Vl.C.2-1 
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and  -4)  and  treatment  width  of  three-blade  chords  without  IGV’s  (Figure 
VI. C. 2-5).  The  plots  show  that  for  bulk  absorptive  treatment  over  the  blade 
row  only,  suppression  was  attained  at  frequencies  up  to  the  second  harmonic 
of  the  blade  passing  frequency.  When  the  treatment  width  was  increased  to 
three  chord  lengths,  suppression  was  attained  at  all  frequencies  except  the 
fundamental  blade  passing  frequency.  The  results  showed  that  1  -  2  dB  sup¬ 
pression  could  be  gained  from  the  bulk  type  treatment,  although  with  modified 
designs  higher  suppression  could  possibly  be  attained  throughout  the  frequency 
range,  including  the  blade  passing  frequency  and  harmonics. 


The  second  test  series  evaluated  a  more  practical  type  of  single-degree- 
of-freedom  (SDOF)  treatment  insert,  tested  in  three  combinations  of  location 
and  area.  The  first  test  utilized  a  three-blade-chord  width  treated  area, 
the  second  used  a  one-h lade-chord  width  treatment  over  the  blade  row  and  the 
third  test  used  the  same  one-blade-chord  width  treatment  directly  aft  of  the 
blade  row.  Results  of  time  averaged  1/3  octave  A  SPI.*s  indicate  that,  within 
its  design  range,  the  SDOF  treatment  is  at  least  as  good  as  a  bul\  type  suppres¬ 
sor  and  exceeds  the  bulk  type  suppressor  performance  at  the  blade  passing 
frequency  since  suppression  is  not  lost  at  this  point. 

Variable  rotor-speed  tests  indicate  no  trends  of  suppression  variation 
with  speed  as  per  Figure  VI. C. 2-6.  Ail  variations  of  suppression  seem  to  be 
of  a  random  nature.  Extrapolation  with  respect  to  tip  speed  eoutd,  therefore, 
suggest  that  the  attained  Insert  suppression  may  still  exist,  possibly  to  the 
point  where  blade  tip  speed  becomes  sonic,  where  noise  generation  characteristics 
change.  Figure  VI. C. 2-7  illustrates  a  typical  ( *%  bandwidth  probe  spectrum  of 
the  baseline  model  and  corresponding  1/3  octave  time  averaged  suppression  level 
as  a  function  of  frequency  attained  by  SDOF  treatment  over  the  blade  row  only. 

Applying  these  results  of  the  more  practical  SDOF  material  to  the  CF4 
compressor  configuration  could  then  possibly  be  accomplished  through  use  of  the 
plot  in  Figure  VI.C.2-S.  The  plot  indicates  that  up  to  3  dB  tip  treatment  sup¬ 
pression  could  be  attained  on  each  treated  compressor  stage,  in  addition,  if 
all  stages  were  treated,  the  lined  duct  effect  indicates  additional  suppression 
gain  for  aft  propagated  noise  for  the  first  four  compressor  stages. 


Conclusions 


o  AcousCic  treatment  internal  to  the  engine,  such  as  compressor  tip  shroud 
treatment  and  compressor  diffuser  treatment,  can  be  used  to  help  control 
noise  at  it's  origin  of  generation. 

o  Initial  tests  in  a  single  stage  low  speed  compressor  indicate  that 

practical  materials  such  as  SDOF  will  give  moderate  suppression  levels 
when  applied  in  the  tip  shroud  region. 
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VI.C.3  NOISE  SOURCE  IDENTIFICATION  WITH  DIRECTIONAL 
MICROPHONE  ARRAY 


Another  acoustic  tool  for  turbomachinery  analysis  was  introduced  in  the 
GE4  acoustic  test  series  to  help  identify  major  turbomachinery  noise  source 
location.  It  is  a  directional  microphone  array,  shown  in  Figure  VI. C. 3-1, 
consisting  of  a  linear  array  of  14  one-inch  Hewlett-Packard  microphones.  The 


microphones  are  mounted  on  an  arc  of  100  ft.  radius  on  a  15  ft.  beam.  The  array. 


with  its  related  acoustic  systems  and  recorder,  is  on  a  movable  trailer. 
Positioning  of  the  array  is  accomplished  by  aiming  a  sighting  telescope  at 
the  anticipated  noise  source. 

The  array  works  on  the  principle  of  the  phase  relationship  of  acoustic 
signals  ap  reaching  the  microphones.  When  pointed  at  a  particular  noise  source, 
the  array  will  distinguish  between  this  signal  and  signals  of  the  same  frequency 


arriving  from  an  off-axis  source.  Data  from  all  possible  source  locations  are 
necessary  to  accurately  determine  the  amplitude  of  the  major  source. 

The  array  is  designed  so  that  it  will  have  an  effective  frequency  range 
of  2000  to  5000  Hz  with  a  denth-of-f ield  of  +  20  ft.  and  can  discriminate 
between  sources  of  equal  magnitude  separated  by  1  ft.  The  array  sensitivity 
versus  off-axis  angle  is  shown  in  Figure  VI. 0.3-2. 

Use  of  the  array  of  the  GE4  was  limited  to  two  speed  points  of  S52  and 
9SZ  with  the  inlet  unehoked-  The  array  w»s  located  at  110“  and  110“  to  the 
inlet  axis  on  a  100  ft.  radius  centered  about  the  engine  mid-point.  The 
arrav  was  aimed  at  J 

o  5  ft.  forward  of  the  Hoeing  inlet  lip 
e  Hoeing  inlet  Up 

e  Inlet  blew- in  doors 

o  Cewli.tg  opposite  stage  l  compressor 

o  Cowling  opposite  turbine  mid-point 

o  YSEN  blow-io  doors 

o  Exhaus  t 

o  5.  10,  and  15  ft.  aft  of  l>9 


Presentation  of  Test  Results 

A  typical  analysis  of  the  resultant  data  is  presented  in  Figure  VI. C. 3-3 
shoving  SO  Hz  bandwidth  pure  tone  SPL's  and  their  relation  to  generation  sources 
along  the  engine.  The  symbols  are  actual  measurements  and  the  lines  are  the 
data  corrected  to  eliminate  the  contribution  from  off-axis  major  lobes. 

Results  show  that  compressor  first  stage  fundamental  and  harmonics 
radiate  primarily  from  the  area  of  the  Uoeing  inlet  blow-in  doors  and  from 
off-axis  major  lobes. 

Results  show  Chat  compressor  first  stage  fundamental  and  harmonics  radiate 
primarily  from  the  area  of  the  hoeing  inlet  blow-in  doors  and  from  the  cowling 
opposite  the  compressor  first  stage.  A  detailed  analysis  of  measurements 
for  identification  of  all  source  locations  was  not  completed. 

Conclusions 

o  iiy  use  of  specialized  acoustic  tools,  source  locations  can  be  pinpointed 
and  their  relative  contribution  to  the  engine  far  field  acoustic  signature 
can  be  established. 
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VI,C*4  J79  1UK8QMACB INERT  NOISE  TESY 
Test  Object tvcs  and  Configuration 


As  an  aid  in  evaluating  the  relative  magnitudes  of  easing  transmitted  and 
exhaust  duct  propagated  turbomachinery  noises,  a  test  series  using  a  J79  engine 
was  conducted.  The  test  vehicle  was  permanently  fitted  with  a  CJ805-23  core  inlet 
suppressor  (See  Figure  VI. C. 4-1)  to  eliminate,  as  much  as  possible,  the  forward 
propagated  noise  emanating  through  the  inlet.  The  exhaust  nozzle  was  a  large 
fixed  area  (613  in  )  conical  nozzle,  designed  to  lower  the  exhaust  velocity  and 
hence  jet  noise,  allowing  the  aft  propagated  turbomachinery  noise  to  dominate 
over  the  jet  noise.  A  long  annular  acoustically  lined  exhaust  duct  was  used 


prior  to  the  exhaust  nozzle  for  two  configurations  with  half-length  acoustic 


treatment  and  full-length  acoustic  treatment.  For  half-length  treatment,  solid 
sheet  stainless  steel  was  used  to  cover  one-half  of  the  duet  suppressor 
treatment,  effectively  eliminating  the  treatment  in  the  covered  area,  a  shorter, 
non-annular,  non-treated  duct  was  used  for  the  baseline  engine  configuration, 

(see  Figure  VI. C. 4-1). 


Acoustic  instrumentation  consisted  of:  a)  radial  traversing  acoustic- 
probes  mounted  at  planes  2,  5  and  ?;  b)  a  series  of  casing  microphones  spaced 
6  inches  from  the  casing;  e)  a  near  field  array  of  32  microphones  arranged  in 
four  rows  of  8  microphones,  each  with  6  ft.  spacing*;  and  d)  far  field  micro¬ 
phones  on  a  150  ft.  are  at  10*  intervals  from  0“  to  160*  from  the  inlet  axis. 

The  test  vehicle  and  acoustic  instrumentation,  as  set  np  at  Edwards  Mr  Force 
Base,  are  shown  in  Figure  VI. C, 4-2. 

Presentation  of  Test  Results 

Tl^e  plane  5  and  7  acoustic  probes  were  used  to  determine  the  effectiveness 
of  the  exhaust  suppressor  in  lowering  aft  propagated  turbeaaehlnery  noise. 

The  magnitude  of  casing  transmitted  turbomaehinery  noise  was  gauged  by  comparing 
far  field  suppression  to  duet  suppression.  Through  use  of  the  near  field  micro¬ 
phone  array  and  narrowband  data  reduction,  tone  contours  were  generated  which 
aided  in  identifying  turbomachinery  noise  sources  and  their  propagation  paths 
to  the  far  field. 
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In  Figure  VI. C. 4-3  the  200  ft.  sideline  peak  FKdB  for  the  J79  is  plotted 
against  jet  velocity  for  the  untreated,  half-treated,  and  fully  treated  duct 
configurations.  Comparison  is  also  made  to  predicted  jet  noise  using  the  SAE 
procedure.  There  is  3.5  to  6  PNdB  reduction  in  noise  between  the  baseline 
and  fully  suppressed  configurations,  but  there  is  very  little  difference 
between  the  full  and  one-half  suppressor  configurations.  Figure  VI. C, 4-4 
presents  far  field  1/3  octave  band  power  level  reductions  using  half  and  fully 
created  exhaust  ducts  referenced  to  the  untreated  duct.  It  also  presents  the 
probe  measured  duct  power  level  reductions  and  the  predicted  level  of  duct 
treatment  effectiveness  based  on  scale  model  acoustic  tests  in  a  heated  duet. 

Predicted  and  measured  duct  suppression  levels  agreed  well  at  High  fre¬ 
quency  for  both  full  and  half  treated  exhaust  ducts  at  length  to  height  ratios 
of  6  and  3.  Comparing  the  far  field  and  duct  measured  PNt.  suppressions  shows 
the  level  of  turbooachinery  noise  suppression  experienced  in  the  far  field  was 
not  near  that  of  the  level  measured  within  the  duct.  This  indicates  that 
sources  other  than  aft  duct  propagated  turbomachinery  noise,  namely  easing 
transmitted  noise,  contributed  to  the  far  field  acoustic  levels. 

Figure  Vl.C.4-5  shows  a  typical  far  field  40  Hz  narrowband  analysis  of 
the  baseline,  full  suppressor  and  half  treated  suppressor  at  120“.  the  maximum 
sideline  PNdB  ao$le,  corrected  for  atmospheric  attenuation.  The  suppression 
curve,  relative  to  the  untreated  duet  is  also  shown.  Additional  suppression 
gain  in  the  far  field  from  one-half  to  full  duets  is  not  near  the  level 

anticipated  from  probe  measurements. 

Figure  VI. C. 4-6  is  a  comparison  of  40  Hz  narrowband  analyses  from:  a.  a 
strain  gage  mounted  to  the  combustor  casing;  and  b)  a  microphone  located  at 
the  same  axial  plane  and  spaced  b**  away  from  the  casing.  From  the  comparison 
it  is  evident  that  the  casing  is  highly  pure  tone  excited  from  the  engino 
turboaaehinery  and  that  many  of  these  same  high  frequency  tones  are  strongly 
transmitted  to  the  surrounding  near  field. 

To  substantiate  accuracy  of  the  near  field  method  of  contour  plotting 
an  an  aid  in  identifying  the  noise  sources,  the  tone  generated  by  the  radial 
bevel  gear  in  the  external  gearbox  was  analysed.  Figure  VI .€.&-/  shows 
constant  level  contours  obtained  from  the  near  field  array  from  40  Hz  narrowband 
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analysis.  The  source  of  the  tone  is  identified  by  an  X  on  the  schematic , 
located  in  the  back  of  a  dolly  wheel,  thus  the  double  lobe  in  contours.  Baseline 
versus  suppressed  contours  arc  unchanged  except  by  wind  shift,  indicating  the 
method  of  analysis  will  identify  tom?  source  locations.  Applying  the  technique 
to  a  turbooachinery  source  is  done  typically  in  Figure  VI.<>‘.4"8. 

The  15th  and  17th  compressor  stages  of  121  blades  each,  in  combination, 
generate  an  internal  tone  which  is  identifiable  in  the  150  foot  arc  far  field 
narrowbands.  Analysis  of  their  near  field  baseline  and  suppressed  contours,  at 
an  engine  speed  of  6893  rpm  and  tone  frequency  of  13,900  Hz,  shows  a  predominant 
shift  toward  the  internal  source  locaciou  when  the  jet  suppressor  is  added. 

This  indicates  casing  transmission  is  a  strong  secondary  noise  source,  and  ch<it 
near  field  method  of  analysis  will  be  a  good  aid  in  identifying  magnitudes  and 
sources  of  turbrwuachinery  noise. 

Conclusions 

o  The  J79  engine,  as  tested,  provided  a  useful  vehicle  for  turbomach tnerv 
noise  investigation. 

o  Reduction  of  aft  propogated  turbooaachlnery  noise  through  use  of  duct 
acoustic  treatment  was  effective  within  the  duet;  however,  far  field 
noise  levels  were  not  equivalent'*/  lowered.  This  indicates  easing 
radiated  turbomachinery  noise  was  of  a  sufficient  level  to  influence 
far  field  measurements. 

0  Near  field  tone  contour  plotting  proved  a  valuable  aid  in  determining 

primary  sources  of  turbomachiaery  noise  and  its  propagation  paths  to  the 
far  field. 

o  The  analysis  technique  was  established  which  would  be  applied  to  tig/* 
acoustic  measurements  planned,  using  engine  435-GO?  at  the  Peebles  test 
facility. 
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VI. C. 5  GE4  ENGINE  435-007  NEAR  AND  PAR  FIELD  ACOUSTIC  MEASUREMENTS 


Test  Objectives  and  Configuration 


For  an  initial  Investigation  of  turboraachinery  noise  characteristics 
of  the  Flight  Test  Status  (FTS)  engine,  as  well  as  for  far  field  acoustic 
status,  engine  435-007  was  tested  at  Peebles  Pad  4D  as  per  Figure  VI. C. 5-1. 
The  test  also  fulfilled  the  objective  of  establishing  the  aircraft  environ¬ 
mental  noise  levels.  To  accomplish  these  objectives,  the  acoustic  array 
consisted  of  the  following: 


o  The  normal  far  field  array  of  microphones  on  the  250  ft.  arc  centered 
on  the  engine  axis  at  plane  8,  at  10°  intervals,  from  0°  to  160°  from 
the  inlet  axis. 


o  Twenty-one  near  field  microphones  in  a  matrix  designed  to  help  identify 
predominant  noise  source  locations  on  the  engine  and  their  propagation 
paths  to  the  far  field. 

o  Fourteen  near/far  field  microphones  in  a  pattern  specified  by  Boeing  to 
identify  aircraft  environmental  noise  levels. 

o  Five  near  field  microphones  within  the  clo>»e  proximity  of  the  engine 
casing,  located  to  identify  major  casing  propagated  pure  tones  and 
their  levels. 

o  Plane  2  acoustic  probe  within  the  inlet  annulus  to  identify  engine-internal 
forward-propagated  pure  tone  levels.  (Results  of  the  probe  measurements 
were  discussed  in  Section  VI.C.l  COMPRESSOR  SOURCE  NOISE  IDENTIFICATION 
WITH  ACOUSTIC  PROBES.) 

Presentation  of  Test  Results 

All  of  the  data  acquired  was  reduced  and  partially  analyzed  before 
SST  contract  termination  in  March,  1971;  however,  detailed  analysis  to 
fulfill  all  of  the  initial  goals  was  not  completed.  The  initial  analysis 
did  show  good  results  which  are  presented  herein. 

For  far  field  acoustic  measurements,  both  the  normal  (open)  and  loiter 
Aft  cycle  schedules  were  followed.  The  250  ft.  arc  noise  measurements  were 
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extrapolated  to  the  300  ft*  sideline  and  are  compared  to  SAE  predictions  in 
Figure  VI. C. 5-2.  The  data  show  good  agreement  with  SAE  in  the  predominant 
jet  noise  region  with  the  exception  of  high  Jet  velocity,  where  engine  435-007 
levels  were  slightly  lower.  Typically  the  divergence  from  SAE  due  to 
turbomachinery  noise  occurred  at  jet  velocities  below  1400  to  1500  ft/sec. 

FTS  engine  435-007  noise  levels  are  compared  to  Block  I  measurements 
on  engines  002  and  003  in  Figure  VI. C. 5-3.  The  normalized  measurements 
agree  well,  again  with  the  exception  of  high  jet  velocity,  where  the  FTS 
levels  were  slightly  under  the  Block  I  average. 

Directivity  and  spectra  comparisons  of  FTS  and  Block  1  data  are  shown 
in  Figures  VI. C. 5-4  through  -9.  At  high  and  low  jet  velocities,  agreement 
is  quite  favorable  showing  almost  identical  noise  characteristics.  At 
high  jet  velocity  (Figures  VI. C. 5-4  and  -6)>che  minor  differences  in  Block  I 
and  FTS  noise  levels  occurs  mainly  at  the  angles  of  maximum  noise,  whereas 
at  low  jet  velocity  (Figure  VI. C. 5-8)  the  peak  noise  levels  are  the  same  hut 
the  variance  at  other  angles  is  larger.  Special  characteristics  do  shift 
somewhat  due  to  variance  in  ground  effects  and  turbomachinery  Hading  but, 
in  general,  acoustic  agreement  between  the  two  engines  is  very  good. 

The  measurements  do  point  out  that,  at  low  and  intermediate  jet  velocities 
the  turbomachinery  generated  noise  will  be  a  major  problem  in  the  FTS  engine. 

To  exemplify  the  variance  of  turboaachinery  noise  content  with  engine  speed. 
Figure  VI. C, 5-10  presents  far  field  110®,  20  Hz  bandwidth,  narrowband  plots 
at  79,  88,  and  98%  corrected  speeds.  At  low  speed,  all  compressor  and  turbine 
stage  fundamentals  were  present  and  predominant.  However,  they  tended  to 
become  masked  by  the  overriding  jet  noise  as  speed  increased,  and  were  unident l 
fiable  at  high  engine  speed.  Figure  VI. C. 5-11  exemplifies  the  change  in  noise 
levels  between  the  normal  (open)  and  loiter  Ag  schedules  at  the  same  engine 
speed.  The  eoapressor/turbine  tones  and  broadband  turbine  noise  levels  were 
of  the  same  magnitude,  while  the  jet  noise  was  reduced  considerably  at  the 
lower  jet  velocity,  larger  Ag  nozzle  setting. 

The  near  field  microphone  array  was  used  to  generate  contour  plots  of 
fundamental  tones,  serving  as  visual  aids  in  identifying  predominant  modes 


of  pure  tone  radiation  froo  the  engine  and  their  respective  propagation  paths 
to  the  far  field.  Typical  plots  are  shown  in  Figure  VI. C. 5-12  and  -13  for 
fundaaental  tones  of  the  compressor  9th  stage  and  turbine  2nd  stage.  The 
contours  show  both  tones  had  predoainant  sources  within  the  exiting  jet  stream, 
with  the  possibility  of  casing  radiation  adding  significantly  to  that  prime 
source. 

Pigure  VI. C. 5-14  typifies  results  from  the  microphones  located  within  near 
proximity  of  the  engine  casing.  Significance  of  this  data  is  that  the  compressor 
casing  microphone  was  picking  up  forward  stages  compressor  tones  through  the 
casing,  the  combustor  microphone  had  a  predominant  stage  9  compressor  tone,  and 
the  plane  5.8  microphone  exhibited  high  turbine  tone  levels.  At  low  rpm  the 
acoustic  levels  were  of  sufficient  magnitude  where  contribution  to  the  far  field 
noise  levels  was  considered  possible. 

Iri  a  similar  test  with  GE4  engine  435-004,  acoustic  measurements  were 
taken  with  and  without  an  engine  cowling  while  microphones  were  located 
approximately  6'*  from  the  nearest  casing  or  cowling  surface.  Figure  VI. (.‘,5- 1 5 
shows  the  casing  radiated  high  frequency  noise  substantially  lowered  by  the 
addition  of  the  engine  cowling,  tow  frequency  noise,  not  expected  to  be 
internally  generated  or  casing  transmitted,  is  essentially  unaltered.  Readings 
at  various  engine  speeds  were  taken  and  the  magnitude  of  reduction  seems 
fairly  consistent  and  independent  of  speed.  Pigure  VI. C. 5-15  data  presentation 
is  at  852  speed. 

In  response  to  the  Boeing  Company's  request  for  aircraft  environmental 
noise  levels,  acoustic  measurements  were  taken  at  all  the  microphone  locations 
in  Pigure  VI.C.S-l  for:  1)  idle,  2)  1002  rpm,  3)  max  dry,  and  4)  partial 
reheat  settings.  Figures  VI .C. 5-16  through  -19  define  typical  overall  sound 
pressure  levels  at  each  measuring  station  for  the  four  cycle  points. 
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FIGORS  VI .C. 5-5  GE4  BLOCK  I  &  FTS  SPECTRA  COMPARISON  AT  HIGH  JET  VELOCITY 
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VII.  GENERAL  ELECTRIC  CORPORATE  RESEARCH  AND  DEVELOPMENT 
CENTER’S  FUNDAMENTAL  JET  NOISE  WORK 


The  General  Electric  Corporate  Research  and  Development  Center  of  Schenec¬ 
tady,  New  York,  was  supported  by  the  Federal  Aviation  Administration  through 
the  General  Electric  Flight  Propulsion  Division  of  Evendale,  Ohio,  throughout 
the  Supersonic  Transport  program,  to  perform  fundamental  jet  noise  investiga¬ 
tions.  Their  effort  has  been  duly  summarized  in  the  report  included  as  Sec¬ 
tion  VII. A,  authored  by  H.T.  Nagamatsu  and  R.E.  Sheer,  Jr. 


As  their  work  was  primarily  a  research  program  initiated  to  study  the  phy¬ 
sics  of  noise  generation  from  supersonic  jets  and  the  suppression  mechanisms  of 
jet  noise,  no  major  attempt  was  made  to  gas-dynamically  or  geometrically  simulate 
the  GE4  exhaust  nozzle  systems.  To  obtain  flow  and  acoustic  characteristics  of 
supersonic  jets,  experimental  research  was  conducted  to  determine  the  mean  and 
fluctuating  flow  parameters  in  the  jet  plume  as  well  as  near  and  far  field 
acoustic  measurements.  Suppressor  configurations  were  investigated  to  obtain 
knowledge  regarding  Che  correlation  between  the  flow  and  acoustic  characteristics. 

A  description  of  the  Corporate  Research  and  Development  Center’s  test 
facilities  have  been  included  in  Section  II. D.  Primarily,  test  models  were 
of  small  scale  and  far-field  acoustic  measurements  were  taken  on  a  10  ft.  hemis¬ 
pherical  arc  to  obtain  overall  sound  pressure  level,  power  spectra  levels  and 
overall  power  levels.  Normally  data  were  acquired  to  16  Kitz ,  and  to  HO  KHg  in 
the  latter  pact  of  the  program;  however,  no  attempt  was  made  to  scale  basic 
measurements  of  the  small  seale  nozzles  to  the  GS4  engine  size.  Therefore,  ail 
results  presented  in  Section  VII, A  are  model  scale  results,  unlike  the  scaled 
data  of  all  the  other  sections  of  this  summary  document. 
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VII. A  SUPERSONIC  JET  NOISE  SUPPRESSOR  RESULTS  AND  PREDICTION  METHODS 

H.T.  Nagamatsu  and  R.E.  Sheer,  Jr. 

Mechanical  Engineering  Laboratory 
General  Electric  Corporate  Research  and  Development  Center 
Schenectady,  New  York 

VII.A.l  INTRODUCTION 

One  of  the  critical  problems  for  the  supersonic  transport  aircrafts  is  the 
jet  exhaust  noise  during  take-offs  from  metropolitan  airports.  The  control  of 
this  noise  is  essential  for  the  successful  development  of  the  supersonic  trans¬ 
ports  fot  commercial  use.  The  jet  noise  suppression  is  difficult  because  of 
the  large  thrust  required  for  take-off  with  supersonic  jet  exhaust  velocities. 
For  plain  jets  the  available  experimental  flow  and  acoustic  daLa  at  supersonic 
jet  velocities  is  very  limited  and  the  information  regarding  the  methods  of 
reducing  the  supersonic  jet  noise  is  being  developed  for  the  design  of  super¬ 
sonic  aircrafts  for  military  and  commercial  uses.  A  research  program  was  initi¬ 
ated  to  study  the  physics  of  noise  generation  from  supersonic  jets  and  the 
suppression  mechanisms  of  jet  noise.  To  obtain  the  flow  and  acoustic  charac¬ 
teristics  of  supersonic  jets,  experimental  research  was  conducted  to  determine 
the  mean  and  fluctuating  flow  parameters  in  the  jet  plume  as  well  as  the  near- 
and  far-field  acoustic  measurements,  and  the  results  are  presented  in  Refs.  1-3. 

Based  upon  the  experimental  results  for  the  supersonic  jets,  a  supersonic  jet 
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noise  theory  was  developed  by  Nagamatsu  and  Horvay,  ’  ,  which  contained  the  flow 
and  acoustic  characteristics  of  supersonic  jets.  Also,  sound  suppressors  of 
various  eonf igurations  were  investigated  at  supersonic  exhaust  velocities  to 
obtain  knowledge  regarding  the  correlation  between  the  flow  and  acoustic  charac¬ 
teristics  for  these  suppressors  as  discussed  in  Refs.  6-13. 

14 

Lassiter  and  Hubbard  investigated  the  use  of  wire  screen  in  the  subsonic 
jet  flow  and  observed  the  reduction  in  the  magnitude  of  the  fluctuating  pres¬ 
sure  at  lower  frequencies.  For  a  choked  supersonic  jet  the  magnitude  of  t fu¬ 
se  reen  component  was  reduced  by  the  use  of  four  small  auxiliary  orifices  placed 

IS 

at  the  nosale  exit.  Mercer  summarised  the  results  on  the  effects  of  small 
protuberances,  “teeth*',  on  the  acoustic  characteristics  of  jet  engines  and  found 
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that  the  total  acoustic  power  generated  is  practically  unchanged  with  some 
change  in  the  power  spectra.  Several  noise-suppression  nozzles  for  jet  engines 
with  approximately  5,000  and  10,000  pounds  thrust  were  investigated  by  Coles 
and  Callaghan^.  These  nozzles  achieved  sound  power  level  reduction  of  about 
5  dB  with  small  thrust  loss  by  the  mixing  interference  of  adjacent  jets  produced 
by  multiple-slot  nozzles.  More  current  status  of  the  jet  engine  noise  due  to 
fan  and  compressor  and  jet  exhaust  has  been  summarized  by  Greatrex  ,  and  also 
some  of  the  current  jet  noise  suppressors  are  discussed. 

Extensive  supersonic  jet  noise  suppressor  configurations  were  investigated 

by  The  Boeing  Company  and  General  Electric  Company  for  the  development  of  the 

supersonic  transport,  SST.  Schairer  and  colleagues  have  summarized  the  acoustic 

and  thrust  results  for  the  multiple- tube,  multiple-chute,  and  multiple-spoke 

suppressor  configurations  in  Ref.  18.  From  the  thrust  loss  standpoint  the 

multiple-tube  suppressors  give  the  greatest  suppression  for  a  given  thrust  loss 

19 

compared  to  other  configurations.  Harris  compared  the  acoustic  data  between 

the  model  and  full-scale  results  for  the  GF.4  engine  for  the  SST  airplane  and 

found  excellent  agreement  in  terras  of  directivity  and  spectra  at  jet  velocities 

above  1750  ft/sec  for  the  convergent  nozzle.  Various  reverse  flap  suppressor 

configurations  were  investigated  with  the  model  scale  jet  noise  facility.  Jet 

plume  characteristics  of  72-tiibe  and  72-hole  primary  suppressor  nozzles  were 

determined  with  a  model  scale  GE4  engine  in  Ref.  20,  and  in  this  study  the 

21 

thrust  loss  was  also  determined.  Stringas  has  summarized  the  flow,  acoustic, 
and  thrust  characteristics  of  multiple-tube,  multiple-spoke,  and  multiple-chute 
suppressor  configurations  that  were  investigated  for  the  GE4  engine.  Both  hot 
and  cold  jet  flow  data  obtained  in  model  scale  facilities  are  presented  in  these 
references. 

This  report  presents  the  results  of  the  investigations  that  were  conducted 
to  determine  the  flow  and  acoustic  characteristics  of  subsonic*  and  supersonic 
jets  produced  by  contoured  and  convergent  nozzles.  Acoustics  of  shock  waves 
produced  by  choked  nozzle,  detached  shock  waves  from  rods  and  secondary  imping¬ 
ing  jets,  and  transition  shock  waves  in  shrouds  will  be  discussed.  Comparisons 
are  made  regarding  the  supersonic  jet  noise  suppression  with  long  shroud,  rods, 
and  induced  flow  for  parallel  flow  and  convergent  nozzles  at  a  jet  Mach  number 


of  1.5.  The  flow  and  acoustic  characteristics  were  determined  for  the  reverse 
slotted  cone  suppressor  configurations  for  supersoic  Jet  Mach  number.  The  re¬ 
sults  of  the  studies  that  were  conducted  to  determine  the  flow,  acoustic,  and 
thrust  characteristics  of  multiple  tubes  with  and  without  multiple  shrouds 
are  summarized.  These  flow  and  acoustic  results  for  the  various  supersonic 
suppressor  configurations  were  analyzed  and  methods  of  acoustic  performance 
prediction  for  supersonic  jet  noise  suppressors  are  predicted. 

VII. A. 2  CHARACTERISTICS  OP  SUBSONIC  AND  SUPERSONIC  JETS 

Flow 

To  obtain  flow  and  acoustic  characteristics  of  subsonic  and  supersonic 
jets,  nozzles  of  various  configurations  and  exit  diameters  were  investigated  as 
discussed  in  Ref.  1.  Both  optical  photographs  and  axial  surveys  with  impact 
pressure,  total  temperature,  and  piezoelectric  impact  pressure  probe  were  used 
to  determine  the  flow  phenomenon  existing  in  the  jets  with  the  reservoir  at 
room  temperatures.  All  of  the  axial  surveys  and  acoustic  measurements  were 
obtained  with  the  2  in.  diameter  convergent  nozzie  designed  for  an  exit  Mach 
number  of  1.5  and  2  in.  diameter  throat  in  Ref.  8. 

2 

The  shadowgraph  photographs  of  the  flow  from  a  convergent  nozzle  with  an 
exit  diameter  of  l  in.,  taken  with  a  0.4  u  sec.  spark  source,  are  presented  in 
Figure  Vll.A-1  for  jet  Mach  numbers  of  1.0  and  1.4.  For  the  sonic  Mach  number 
the  photograph  indicates  the  outer  edge  of  the  jet  boundary  and  the  initial 
boundary  layer  around  the  Jet  at  the  nozzle  exit.  At  a  Jet  Mach  number  of  1.4, 
the  shoek  bottles  are  distinct  close  to  the  jet  exit  but  farther  downstream 
the  shock  bottles  ate  smaller  and  not  as  distinct  because  of  the  lower  super-’ 
sonic  Mach  number.  With  a  convergent  nozzle  operated  at  supersonic  jet  veloci¬ 
ties  the  shoek  bottle?  occur  because  of  the  inertia  effects  of  the  air  as 
shown  in  Refs.  22  and  23.  Schlieren,  interferometer,  and  shadowgraph  photo¬ 
graphs  were  taken  of  the  flow  from  a  convergent  nozzle  with  an  exit  diameter 
of  1/8  in.  for  jet  Mach  numbers  of  sonic  and  1.4  in  Ref.  i.  With  these  dif¬ 
ferent  features  of  the  subsonic  and  supersonic  jets. 

The  axial  variations  of  the  flow  velocity  along  the  jet  axis  of  a  2  in. 
diameter  convergent  nozzle  were  determine  in  Ref.  1  by  means  of  impact  and 


total  temperature  probes  from  the  jet  exit  to  80  in.  downstream.  In  Figures 

VII.A-2A  and  2B  the  Mach  number  and  velocity  distributions  along  the  axis  for 

a  jet  Mach  number  range  of  0.60  to  1.4  are  presented  as  a  function  of  distance 

from  the  jet  exit.  Over  the  jet  Mach  number  range  of  0.60  to  1.0,  the  axial 

variations  of  the  flow  velocity  with  distance  were  quite  similar  with  the  con 

extending  on  the  axis  to  approximately  five  diameters,  and  downstream  of  the 

core  region  the  velocity  decay  of  the  fully  developed  turbulent  jet  was  pro- 
-1 

portional  to  x  as  indicated  in  Figure  VII.A-2B  and  Refs.  24  and  25.  For 
supersonic  jet  exhaust  Mach  numbers  of  1.2  and  1.4,  the  location  of  the  sonic 
velocity  on  the  axis  moves  farther  downstream  from  the  nozzle  exit,  and  for 
Mach  1.4  the  sonic  location  was  approximately  13.7  diameters  us  indicated  in 
Figures  VII.A-2A  and  2B.  But  even  for  supersonic  jet  exhaust  velocities  the 
decay  of  the  jet  velocity  in  Che  subsonic  regions,  as  indicated  in  Figure  VII. A— 
2B,  is  proportional  to  x  *  as  observed  for  sonic  and  subsonic  jet  exhaust  Mach 
numbers.  Thus,  the  decay  of  the  jet  velocity  in  the  fully  developed  turbulent 
jet  in  the  subsonic  region  seems  to  be  independent  of  the  initial  jef  exhaust 
Mach  number  for  jets  with  reservoir  at  room  temperature. 

In  Ref.  1,  a  1/4  in.  diameter  quart2  piezoelectric  pressure  transducer  with 
a  response  time  of  20  microseconds  was  used  to  measure  the  pressure  fluctuations 
on  the  face  of  the  probe  along  the  jet  axis  for  various  jet  Mach  numbers.  The 
rms  values  of  the  pressure  fluctuations  for  the  2  in.  diameter  convergent  noz¬ 
zle  are  presented  in  Figure  VII. A-3  as  a  function  of  distance  from  the  nozzle 
exit.  It  was  shown  in  Ref.  2  that  the  ms  value  is  related  to  the  local  turbu¬ 
lent  velocity  fluctuations  for  subsonic  velocities.  For  the  subsonic  Mach  num¬ 
ber  range  of  0.60  to  1.0,  the  variations  of  the  impaet  pressure  fluctuation  with 
distance  were  quite  similar  with  peak  pressure  fluctuations  occurring  at  approx¬ 
imately  9  diameters  from  the  jet  exit.  And  the  decay  in  the  piezoelectric 
impact  pressure  fluctuations  downstream  of  the  peak  value  was  proportional  to 
x  4*  3  as  indicated  in  Figure  VII. A-3.  For  supersonic  jet  Maeh  numbers  the 
peak  pressure  fluctuations  were  greater  than  those  observed  for  subsonic  jets 
and  the  location  of  the  peak  fluctuations  was  in  the  vicinity  of  the  sonic 

velocity  on  the  jet  axis  as  indicated  in  Figure  VII .A-3.  Downstream  uf  the 

-l . 

sonic  location  on  the  axis*  the  pressure  fluctuations  decayed  as  x  , 


similar 


to  that  observed  for  sonic  and  subsonic  jet  exhaust  velocities.  Thus,  the  maxi- 
;;s  mum  piezoelectric  pressure  fluctuations  on  the  axis  for  subsonic  jets  occurs  in 

the  "adjustment  region"  of  the  jet  while  for  supersonic  jets  the  peak  fluctuations 
occur  in  the  vicinity  of  the  sonic  velocity  on  the  axis.  The  contours  of  mean 
velocity  and  pressure  fluctuations  for  a  1  in.  diameter  convergent  nozzle  at 
Mach  numbers  of  0.6  to  1.4  were  determined  in  Kef.  2.  The  peak  fluctuations 
occurred  near  the  sonic  region  for  supersonic  jets. 

One  of  the  significant  aerodynamic  differences  between  the  subsonic  and 
supersonic  jet  is  the  length  of  the  jet  core,  defined  as  the  distance  from  the 
jet  exit  where  the  velocity  on  the  axis  is  equal  to  that  at  the  nozzle  exit. 

A  Summary  of  the  available  published  data  on  the  jet  core  length  and  the  length 
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of  the  sonic  region  for  supersonic  jots  of  various  diameters  and  temperatures 

are  presented  in  Figure  VII. A-4.  The  supersonic  length  is  the  distance  from 

the  jet  exit  to  the  sonic  velocity  on  the  axis  for  supersonic  jet  exhaust  velo- 

2  26  2  7 

cities.  For  subsonic  jet  exhaust  velocities  ’  ’  the  core  length  is  approxi¬ 

mately  4  diameters,  and  in  Ref.  1  with  a  convergent  nozzle  of  low  turbulence 
level  in  the  reservoir  the  core  length  was  approximately  5  diameters  for  sub¬ 
sonic  jet  Mach  numbers  of  0.60  to  1.0. 

For  contoured  supersonic  nozzles  the  core  lengths  have  been  determined  bv 
S  23*25  28 

various  investigators  '  ’  aud  the  empirical  equation  for  the  core  length 

is  given  by^ 

Le  »  ic/D  »  S.22Mj°’9  +  0.22  (Vli.A-1) 

For  convergent  nozzles  at  pressure  ratios  greater  than  the  critical  values  for 

supersonic  Mach  numbers,  there-  is  no  uniform  core  region  because  of  the  shock 
l  ?  22  2T 

bottles  *  *  *  .  The  length  of  the  supersonic  region  for  both  cold  and  Hot 

jets  and  for  convergent  and  eontaured  nosales  of  various  exit  diameters  is  pre¬ 
sented  in  Figure  Vll.A-4.  The  length  of  the  supersonic  region  relative  to  the 

4 

jet  diameter  as  a  function  of  the  jet  Mach  number  is  given  by 

»  i8/0  -  SKj2  ♦  0.S  (VU.A-2) 
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Within  the  experimental  accuracy  the  effects  of  Jet  temperature,  dimension  of 
the  nozzle,  and  the  shape  of  the  nozzle  are  small  on  the  supersonic  length 
compared  to  the  jet  exhaust  Mach  number  as  discussed  in  Ref.  4. 

Acoustics 

In  Ref,  1  the  overall  sound  pressure  levels  were  determined  for  a  conver¬ 
gent  nozzle  operated  over  a  Mach  number  range  of  0.60  to  1.4  and  the  results 
are  presented  in  Figures  VII. A-5  and  6.  For  subsonic  jet  velocities  the  vari¬ 
ation  of  the  overall  sound  pressure  level  with  angular  position  was  quite  simi- 

are  with  the  maximum  pressure  level  closest  to  the  jet  axis.  Similar  results 

14  29  30 

were  observed  by  other  investigators  *  *  with  room  temperature  subsonic 

jets.  For  supersonic  jet  Mach  numbers  the  far-field  directivity  patterns  are 

different  from  those  observed  for  subsonic  jets  are  shown  Figure  VII. A-5.  Due 

to  the  existence  of  the  shock  bottles  the  sound  pressure  level  remains  nearly 

22 

constant  with  angular  position  from  the  jet  axis  .  When  the  supersonic  jet 
is  perfectly  expanded  through  contoured  nozzles  to  the  ambient  air,  there  are 
no  shock  bottles  as  shown  in  Refs.  8,  23-25,  and  28.  In  Ref.  8  it  was  observed 
that  the  overall  sound  pressure  level  decreased  with  the  angular  position  from 
the  jet  axis  for  a  contoured  nozzle  because  of  no  shock  bottles  In  the  super¬ 
sonic  jet  flow. 

The  sound  power  spectra  corresponding  to  the  sound  pressure  level  distri¬ 
bution  for  the  convergent  nozzle  at  various  Mach  numbers  are  presented  in  Figure 
VII. A-6,  In  obtaining  these  1/3-octave  frequency  band  power  spectra  in  Ref. 

1,  the  sound  pressure  levels  were  measured  with  a  microphone  at  eight  angular 
positions  from  the  jet  axis  over  a  frequency  range  of  40  Hz  to  lb  KHz.  For 

subsonic  jet  Mach  numbers  of  0,60  to  1.0  the  power  spectra  are  quite  similar 

14  “*9  10 

to  those  observed  by  other  investigators  *  *  .  At  a  jet  Mach  number  el'  1.4 

the  maximum  power  occurred  at  a  Higher  frequency  than  that  observed  for  sub¬ 
sonic  jet  Mach  numbers.  In  this  figure  the  overall  acoustic  power  output 
calculated  from  the  microphone  data  are  tabulated  for  the  various  jet  Mach  num¬ 
bers. 

Kear-field  pressure  fluctuations  have  been  determined  for  subsonic  jets 
by  the  use  of  microphones  in  Refs.  1.  14,  29,  and  30.  The  aear-fieid  pressure 
fluctuations  for  the  convergent  nozzle  determined  in  Set.  I  are  presented  in 
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Figure  VII. A- 7  with  Che  microphone  pieced  at  a  radial  distance  of  2  nozzle  dia¬ 
meters  from  the  nozzle  exit  for  jet  Mach  numbers  of  0.60  to  1.40.  For  subsonic 
jet  Mach  numbers  of  0.60  to  1.0  the  variation  of  the  sound  pressure  level  with 
axial  distance  were  quite  similar  indicating  the  same  type  of  acoustic  radia¬ 
tion  from  subsonic  Jets.  But  for  supersonic  jet  Mach  numbers  of  1.2  and  1.4, 
the  sound  pressure  levels  at  the  jet  exit  location  increased  appreciably  from 
that  of  the  sonic  jet,  and  the  increased  in  the  sound  pressure  levels  with  dis¬ 
tance  was  not  as  large  as  chat  observed  for  subsonic  jets.  This  difference  in 

the  near-field  pressure  distribution  is  caused  by  the  appearance  of  the  Mach 

14 

waves  for  supersonic  jets  as  discussed  in  Ref.  1.  Lassiter  and  Hubbard  obser¬ 
ved  the  similar  change  in  the  near-field  pressure  field  as  the  jet  velocity 
was  incerased  from  subsonic  to  supersonic  jet  Mach  numbers  relative  to  the 
ambient  velocity  of  sound. 

From  the  near-field  microphone  measurements  at  a  radial  distance  of  2 
diameters  from  the  nozzle  exit,  the  acoustic  intensity  and  acoustic  power  trans¬ 
mitted  through  a  cylir  Irical  surface  were  calculated  in  Refs.  1  and  5.  By  as¬ 
suming  that  the  sound  emission  from  the  circular  jet  is  axially  symmetric,  the 
sound  transmission  per  unit  length  through  a  cylindrical  surface  containing  the 
microphone  was  calculated  in  terms  of  unit  diameter  length  by* 

2n 

yd  a  -  JL-  f  p  r  <1Q  (VU.A-1) 

'a  Ca  0 

where  p  is  the  ms  sound  pressure,  aud  the  results  for  supersonic  jets  ofo  pre¬ 
sented  in  Figure  VH.A-&.  At  the  jet  exit  plane,  the  acoustic  power  propaga¬ 
tion  per  unit  length  is  appreciably  less  than  that  at  the  sente  location  for 
the  Mach  1.4  jet.  The  acoustic  power  distribution  ean  be  approximated  in  the 
supersonic  region  by  a  linear  variation  and  the  scatter  U  due  ec  the  presence 

of  shock  bottles  for  convergent  nozzles  operated  at  supersonic  Mach  numbers. 

28 

For  a  contoured  nozzle  at  a  jet  Hash  number  of  2.4®,  Potter  and  denes*  observed 
a  similar  linear  variation  of  the  acoustic  power  radiation  from  the  supersonic 
region  of  the  jet. 


in  Figure  VI I. A- 8  the  overall  acoustic  power  propagating  through  the  cy¬ 
lindrical  surface  containing  the  aicrophone  was  obtained  by  integrating  the 
acoustic  power  distribution 


L, 

W  *  J  w^  2  a r  d(x/D)  + 
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wds2»r  L°(x/D)“6  d(x/b) 


(VI1.A-4) 
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where  is  the  acoustic  power  transmission  per  unit  diameter  length  at  the 

*  ~h 

sonic  location,  L  .  It  was  assumed  that  the  acoustic  radiation  decayed  as  x 

8  31  32 

in  the  fully  developed  turbulent  sonic  region  of  the  jet  '  .  Rather  encour¬ 
aging  agreement  was  observed  for  supersonic  jet  Mach  numbers  of  1.2  and  1.4 
between  the  overall  sound  power  levels  determined  from  the  far-field  and  near¬ 
field  microphone  data  as  indicated  in  Figure  VII. A-8  and  discussed  in  Ref.  1. 

VII. A. 3  ACOUSTICS  OF  SHOCK  WAVES  IN  SUPERSONIC  JETS 

Contoured  and  Convergent  Nasties f  Shock  Bottles 

To  investigate  the  differences  in  the  flow  and  acoustic  characteristics 
for  contoured  and  convergent  nozzles  at  supersonic  Mach  numbers,  a  contoured 
nozzle  designed  for  an  exit  Mach  number  of  1.5  with  a  throat  diameter  of  2  in. 
and  a  convergent  nozzle  with  an  exit  diameter  of  2  in.  were  constructed  and 
investigated  in  Ref.  8.  Both  nozzles  were  operated  at  a  pressure  ratio  of 
3.7  with  a  corresponding  jet  Mach  number  of  1.5  and  the  results  are  presented 
in  Figures  VIl.A-9  through  11.  With  the  convergent  nozzle  the  Mach  number 
distribution  along  the  jet  axis.  Figure  VII. A-§,  varied  in  the  initial  shock 
bottle  region1”*,  as  shown  in  Figure  VII. A-i.  After  the  disappearance  of  the 
shock  bottles  o»  diamonds,  the  Haeh  number  along  the  jet  axis  decreased  mono- 
leatealiy  with  distance  as  x"*.  For  the  contoured  nozzle  the  velocity  along 
the  jet  axis  decreased  initially  more  gradually  than  the  convergent  nozzle.  Rue 
the  location  of  the  sonic  velocity  on  the  jet  axis  occurred  closer  to  the  Jet 
exit  than  that  observed  for  the  convergent  nozzle.  Once  the  jet  became  fully 
turbulent  and  subsonic  the  velocity  decay  with  distance  was  the  same  for  both 
nozzles.  Evidently  the  existence  of  shock  bottles  for  the  convergent  nozzle 
decreases  the  mixing  of  the  primary  jet  with  the  ambient  air  and  lengthens  the 
supersonic  region  for  the  same  pressure  ratio  and  throat  diameter. 
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The  sound  pressure  levels  as  a  function  of  angular  position  from  the  jet 
axis  for  contoured  and  convergent  nozzles  at  a  nominal  jet  Mach  number  of  1.5 
are  presented  in  Figure  V1I.A-10  from  Ref.  8.  For  the  contoured  nozzle  with 
with  parallel  exit  velocity  and  static  pressure  equal  to  the  ambient  pressure, 
the  sound  pressure  level  was  highest  near  the  jet  axis  and  decreased  with  the 
angular  position  as  observed  by  othora^’^  with  contoured  nozzles  at  supersonic 
Mach  numbers.  With  the  convergent  nozzle  the  sound  pressure  level  was  about  the 
same  as  for  tiie  parallel  flow  jet  near  the  axis  but  was  higher  at  all  angular 
positions  greater  than  approximately  50*.  This  difference  is  caused  primarily 
by  the  shock  bottles  from  the  convergent  nozzle  *«  shown  in  Refs.  1,  2,  and  2>. 

Comparison  of  the  sound  power  spectra  for  contoured  and  convergent  nozzles 
were  obtained  in  Ref,  8  for  a  jet  Mach  number  of  1.5  are  the  results  are  pre¬ 
sented  in  Figure  VIt.A-11.  In  this  figure  the  sound  power  spectra  below  100 
Hz  Has  some  scatter  because  the  microphone  measurements  were  conducted  on  a 
radius  of  10  ft.  from  the  Jet  exit.  Hence,  for  frequencies  less  than  100  Hz 
the  wave  length  i.«  greater  than  10  ft.  so  that  the  microphone  is  in  the  near- 
t ield  for  these  lower  frequencies.  For  frequencies  up  to  approximately  >000 
Hz  the  sound  power  spectra  for  the  convergent  nozzle  was  lower  than  For  the 
contoured  nozzle,  but  for  frequencies  above  >000  Hz  the  sound  power  spectra 
f of  the  convergent  nozzle  was  higher  than  for  the  parallel  flow  nozzle  and  the 
difference  became  greater  as  the  frequency  increased.  This  difference  in  the 
sound  power  spectra  for  these  nozzles  with  the  same  pressure  ratio  and  mass 
flow  is  caused  primarily  by  the  shock  bottles  present  with  the  convergent 
nozzle.  It  is  interesting  to  note  that  even  with  the  shock  waves  present  in  the 
jet  from  the  convergent  nozzle  the  difference  in  the  overall  sound  power  levels 
f.;r  these  two  types  of  nozzles  was  only  >.l  dh  as  Indicated  in  Figure  Vtt.A-U. 
thus,  shock  bottles  do  produce  additional  acoustic  radiation  compared  to  a 
parallel  supersonic  flow  with  the  same  mass  flow  and  Mach  number ,  hut  the 
increase  is  small  compared  to  the  overall  sound  power  level  from  supersonic 
jets. 

bet  ached  Shock  tdave*  from  iteaU  Rods  and  Secondary  Jets 

Aa  investigation  was  conducted  to  determine  the  effects  of  detached  snoefe 
waves  produced  by  ssall  circular  rods  and  secondary  jets  on  the  flow  and  aceuMle 


characteristics  of  supersonic  jets  in  Kefs.  6-8,  and  13.  For  these  investigations 
the  primary  nettle  throat  diameter  was  2  in.,  and  the  six  rods  wore  1/4  in. 
diameter  and  the  length  varied  from  1/4  to  3/4  in.  Six  secondary  Jets  were  loca¬ 
ted  transversely  to  the  primary  jet  with  the  jet  diameter  of  1/8  in.  as  discussed 
in  Ref.  13.  The  primary  jet  was  operated  at  pressure  ratios  of  3.2  and  3.7  with 
corresponding  nominal  Mach  numbers  of  1.4  and  1.5.  In  Ref.  8  the  six  rods  were 
placed  in  the  supersonic  region  for  the  parallel  flow  from  a  contoured  nozzl-s 
and  downstream  of  the  convergent  nozzle  exit. 

The  purpose  of  the  detached  shock  waves  from  the  rods  was  to  decrease  the 
region  of  the  supersonic  flow  and  to  increase  the  mixing  of  the  primarv  jet 
with  the  ambient  air  by  producing  six  convolutions  areunu  the  primary  jet  sur¬ 
face  by  tins  rods.  The  axial  Mach  number  distribution  determined  from  the  impact 
pressure  and  total  temperature  surveys  for  a  convergent  nozzle  at  a  pressure 
ratio  of  3.2  with  a  corresponding  nominal  jet  Mach  number  of  1.4  is  presented 
in  Figure  VII.A-12.  The  axial  Mach  number  distribution  is  not  continuous  in 
the  vicinity  of  the  jet  exit  because  of  the  existence  of  t'  oek  bottles  fir 
a  convergent  nozzle.  With  the  six  rods  of  1/4  in.  l.rngtb  .  ?.  aic  location 

on  the  jet  axis  was  decreased  from  approximately  13.3  diameters  for  the  plain 
jet  to  9.5  diameters  with  the  rods.  Thus,  the  interaction  of  the  detached 
shock  waves  from  the  rods  with  the  shock  bottles  for  the  convergent  nozzle 
decreased  the  length  of  the  supersonic  region  by  approximately  29  pereent. 

In  Figure  Vlt.A-128  the  effects  of  six  small  rods  upon  tire  sound  pressure 
level  distribution  as  a  function  of  the  angle  from  the  joe  axis  are  shewn. 

With  the  rods  the  sound  pressure  level  was  decreased  nearly  6  from  that  of 
plain  jet  at  the  19.1®  location  and  at  other  angular  positions  that  seuad  pres¬ 
sure  level  was  also  less  than  for  the  plain  convergent  jet  at  a  Mach  number  of 
1.4.  The  corresponding  power  spectra  for  these  two  jet  configurations  are 
presented  in  Figure  VU.A-12C.  At  the  lower  frequencies  the  power  level  with 
the  six  rods  was  only  slightly  less  than  for  the  plain  jet.  and  the  greatest 
reduction  of  approximately  9  d8  occurred  ec  a  frequency  of  about  3806  Ha.  but 
at  higher  frequencies  the  power  ie>*el  apptoached  the  plain  jet  values.  The 
overall  sound  power  level  reduction  with  the  six  rods  of  1/4  in.  length  was 
5.7  4S  from  the  plain  convergent  jet  at  a  Mach  number  of  1.4  as  discussed  in 
kef.  12. 


While  with  a  contoured  nozzle  at  a  Mach  number  of  1.5  in  Ref.  8  the  six 
rods  of  1/4  in.  length  increased  the  overall  sound  power  level  by  3.9  dB  from 
that  of  the  plain  jet.  Hence,  these  acoustic  results  for  the  convergent  and 
contoured  nozzles  at  supersonic  Mach  numbers  indicate  that  the  detached  shock 
waves  from  small  rods  at  the  periphery  of  the  jet  will  reduce  or  increase  the 
overall  '’ound  power  level  from  plain  convergent  and  contoured  nozzles  respec¬ 
tively.  With  the  contoured  nozzle  operated  at  the  ideal  pressure  ratio  for  a 
given  design  jet  Mach  number,  the  detached  shock  waves  from  the  small  rods 
produced  noise  which  is  greater  than  the  reduction  in  the  primary  jet  noise  due 
to  the  decrease  in  the  length  of  the  supersonic  region  by  the  rods.  Consequently, 
the  overall  sound  power  level  with  the  six  rods  was  higher  than  for  the  plain 
jet. 

The  effects  of  the  length  of  the  six  1/4  in.  diameter  rods  with  a  2  in. 
diameter  convergent  nozzle  on  the  flow  and  acoustic  characteristics  for  a  pres¬ 
sure  ratio  of  3.7  and  corresponding  nominal  Mach  number  of  1.5  were  investigated 
in  Ref.  8  and  the  results  are  presented  in  Figures  VI1.A-13A  and  13B.  For  the  rod 
the  lengths  of  1/4,  1/2,  and  3/4  in.  the  variations  of  the  sound  pressure  level 
with  angular  position  were  similar  as  indicated  in  Figure  VII.A-13A.  The 
largest  difference  between  the  various  rod  lengths  occurred  only  at  the  19.1” 
position  and  for  angles  greater  than  43.8°  the  sound  pressure  levels  for  vari¬ 
ous  rod  lengths  were  practically  identical  with  a  nearly  constant  reduction 
from  the  plain  convergent  nozzle  configuration.  The  corresponding  power  spectra 
for  the  six  rods  of  various  lengths  are  presented  in  Figure  VU.A-13B.  For 
the  1/4  in.  rod  length  the  power  spectra  is  lower  that  the  plain  convergent 
jet  at  all  frequencies  with  the  largest  reduction  of  approximately  10  dB 
occurring  at  a  frequency  of  about  4500  Hz.  With  these  rods  the  overall  sound 
power  level  was  decreased  5.7  dB  from  that  of  the  plain  jet.  increasing  the 
rod  length  to  1/2  and  3/4  in.  reduced  the  overall  sound  power  level  by  6.2  and 
6.0  dB  respectively  as  indicated  in  Figure  VI1.A-13B.  And  the  greatest  reduc¬ 
tion  of  approximately  20  dB  from  the  plain  jet  occurred  at  1000  Hz  for  the  3/4 
in.  length.  Hence,  these  results  with  six  rods  and  a  convergent  nozzle  at 
supersonic  Mach  numbers  indicate  there  is  an  optimum  rod  length  for  suppression 
of  the  jet  exhaust  noise. 
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Transition  Shock  Waves  in  Shrouds 


Long  shrouds  were  investigated  in  Refs.  6,  8,  and  13  to  determine  the 
effects  of  shielding  and  induced  flow  upon  the  suppression  of  jet  exhaust 
noise  from  contoured  and  convergent  nozzles  at  supersonic  Mach  numbers.  The 
shroud  in  these  inferences  was  58  in.  long  with  an  inside  diameter  of  4  in. 
and  it  was  used  with  supersonic  nozzles  with  a  throat  diameter  of  2  in.  A 
sketch  of  the  convergent  nozzle  and  shroud  configuration  is  shown  in  Figure 
VII.A-14A.  With  this  shroud  the  acoustic  and  flow  investigations  were  conducted 
at  a  Jet  M..ch  number  of  1.5.  The  shroud  was  investigated  with  and  without  in- 
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duced  flow  and  rods  and  the  results  are  presented  in  Figures  VIT.A-14B  through 
14F.  All  of  these  tests  were  conducted  with  room  temperature  air  exhausting  to 
the  ambient  atmosphere  away  from  the  building  as  described  in  Refs.  1,  8,  and  10. 

With  the  4  in.  diameter  shroud  placed  with  the  entrance  3.25  in.  upstream 
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of  the  2  in.  diameter  convergent  nozzle  exit  and  i he  entrance  to  the  shroud 
closed  so  chat  no  induced  flow  was  permitted  to  enter  the  shroud,  the  pressure 
distributions  along  the  58  in.  long  shroud  with  and  without  six  1/4  in.  dia¬ 
meter  rods  of  various  lengths  are  presented  in  Figure  V11.A-14B.  Without  the 
six  rods  the  pressure  in  the  shroud  ahead  of  the  nozzle  exit  was  extremely  low. 
But  downstream  of  the  nozzle  exit  the  shroud  pressure  increased  rapidlv  over  the 
initial  5  in.  as  indicated  in  the  figure.  This  vary  rapid  pressure  rise  would 
indicate  that  the  supersonic  jet  exhaust  was  going  through  transition  shock  waves 
to  subsonic  velocity  similar  to  the  flow  phenomenon  in  the  dl ft  user  region  of 
transonic  and  supersonic  wind  tunnels.  For  locations  farther  downstream  of  the 
initial  5  in.  from  the  nozzle  exit  the  shroud  pressure  was  close  to  the  outside 
ambient  pressure.  This  would  imply  that  the  corresponding  jet  flow  in  the  shroud 
was  subsonic  over  most  of  the  shroud  length. 

in  Figure  VII.A-14C  tiie  radial  Mach  number  profiles  at  the  exit  of  the 
58  in.  long  shroud  with  and  without  induced  flow  are  shown  for  various  configu¬ 
rations.  With  no  induced  flow  and  without  the  rods,  the  exit  Mach  number  is 
approximately  0.58  at  the  axis  and  decreased  slowly  over  the  shroud  cross  sec¬ 
tion.  The  axial  Mach  number  variations  with  distance  from  the  shroud  exit  for 
these  configurations  are  presented  in  Figure  V11.A-14D.  Without  the  induced 


flow  the  Mach  number  along  the  axis  downstream  of  the  shroud  exit  remained 
nearly  constant  at  approximately  0.56  for  a  distance  of  nearly  5  diameters  be¬ 
fore  decreasing.  Similar  results  were  observed  for  subsonic  jets  from  a  2  in. 
diameter  convergent  nozzle  in  Ref.  1,  But  upstream  of  the  shroud  exit  the  flow 
Mach  number  was  not  constant  but  increased  towards  the  nozzle  exit  as  indicated 
in  the  figure.  This  variation  of  the  flow  Mach  number  with  distance  is  due  to 
the  subsonic  viscous  flow  within  the  shroud. 

When  the  six  rods  of  1/4  and  3/4  in.  lengths  were  inserted  at  the  periphery 
of  the  supersonic  jet  exit  with  no  induced  flow  in  the  shroud,  the  pressure 
within  the  shroud  at  the  nozzle  exit  increased  with  the  rod  length  as  indicated 
in  Figure  VI1.A-14B.  The  interaction  of  the  detached  shock  waves  from  t lie  rods 
with  the  primary  supersonic  jet  exhaust  caused  the  flow  to  become  subsonic 
very  close  to  the  nozzle  exit.  Again  from  the  5  in.  location  from  the  exit,  the 
shroud  pressure  was  very  close  to  the  ambient  pressure,  which  indicated  the  exis 
tence  of  subsonic  flow  over  most  of  the  long  shroud.  In  Figure  VII.A-14C  the 
radial  Mach  number  distributions  at  the  exit  of  the  58  In.  shroud  are  presented 
with  and  without  the  rods  and  induced  flow.  With  the  induced  flow  and  without 
rods,  the  radial  Mach  number  at  the  axis  was  approximately  0.93  and  it  decreased 
monotonically  towards  the  outer  edge  of  the  shroud.  For  this  configuration  the 
shroud  static  pressure  distribution  in  Ref.  8  indicated  that  the  primary  jet 
remained  supersonic  over  a  distance  of  approximately  25  in.  from  the  nozzle  exit 
With  the  six  rods  of  1/4  in.  length  and  induced  flow,  the  axial  Mach  number  at 
the  shroud  exit  was  approximately  0.78  and  it  remained  neatly  constant  across 
the  shroud,  indicating  a  subsonic  jet  with  uniform  velocity.  The  shroud  pres¬ 
sure  distribution  for  this  configuration  in  Kef.  8  indicated  that  the  flow  be¬ 
came  subsonic  very  close  to  the  convergent  nozzle  exit. 

In  Figure  VI1.A-14D  the  axial  Mach  number  distributions  are  presented  for 
the  shroud  with  the  induced  flow  and  with  and  without  the  rods.  Without  the 
rods  the  Mach  number  variation  downstream  of  the  shroud  exit  was  not  constant 
over  the  initial  5  diameters  as  observed  for  the  ease  with  no  induced  flow  or 
with  induced  flow  and  with  six  rods.  Also,  upstream  of  the  shroud  exit  the 
Mach  number  increased  towards  the  nozzle  exit.  With  the  six  rods  and  induced 
flow  the  flow  velocity  was  nearly  constant  over  a  distance  of  approximately  5 


diameters  before  decreasing  with  distance.  And  upstream  of  the  shroud  exit  the 
Mach  number  increased  slowly  similar  to  the  case  of  no  induced  flow.  For  this 
condition  the  induced  flow  was  approximately  45  percent  of  the  primary  jet  mass 
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flow  .  Thus,  a  supersonic  primary  jet  decreased  in  velocity  by  weak  shock  waves 
from  small  rods  and  induced  flow  through  a  shroud  with  uniform  velocity  at  the 
shroud  exit  can  be  considered  aerodynamical ly  as  a  subsonic  jet  with  uniform 
velocity  with  the  diameter  of  the  jet  equal  to  that  of  the  shroud.  But,  if  the 
velocity  at  the  shroud  exit  is  not  uniform,  the  jet  does  not  have  the  flow 
characteristic  of  a  uniform  subsonic  jet  downstream  of  the  shroud  exit. 

The  overall  sound  pressure  levels  and  the  power  spectra  for  the  plain  con¬ 
vergent  jet  and  with  the  long  shroud  without  induced  flow  and  with  rods  are 
presented  in  Figures  VII.A-14E  and  14F.  For  these  conditions  the  2  in.  diameter 
convergent  nozzle  was  operated  at  a  pressure  ratio  of  3.7  which  corresponds  to 
a  jet  Mach  number  of  1.5.  Also,  in  these  figures  the  acoustic  results  for 
the  convergent  nozzle  at  a  Mach  number  of  0.60  are  presented  for  comparison  pur¬ 
poses,  since  the  flow  Mach  number  at  the  shroud  exit  in  Figure  VII.A-14C  with 
no  induced  flow  was  approximately  0.58.  The  variations  of  the  overall  sound 
pressure  levels  with  angular  position  from  the  jet  axis  are  presented  in  Figure 
V11.A-14E.  For  the  subsonic  jet  Mach  number  of  0.60  the  overall  sound  pressure 
level  decreases  continuously  from  the  Jet  axis  as  observed  in  Refs.  1,  14,  29 
and  30.  But  for  the  supersonic  jet  Mach  number  of  1.5  from  a  convergent  jet, 
the  sound  pressure  decreases  to  approximately  44°  and  then  remains  nearly  con¬ 
stant  due  to  the  presence  of  the  shock  bottles. 

With  the  long  shroud  and  induced  flow  for  a  primary  jet  Mach  number  of  1.5, 
the  overall  sound  pressure  levels  are  very  similar  with  and  without  the  rods. 
There  was  a  decrease  of  approximately  20  dB  at  the  19.1°  angular  position  from 
that  of  the  plain  jet,  and  over  the  angular  positions  of  44°  to  60°  the  sound 
pressure  level  was  approximately  5  dB  from  that  of  the  plain  jet.  For  larger 
angular  positions  the  reduction  in  Che  sound  pressure  level  increased  to  approxi¬ 
mately  20  dB  at  146.4°,  with  the  case  of  no  rods  producing  the  greatest  reduc¬ 
tion.  The  difference  in  Che  overall  sound  pressure  level  reduction  from  the 
plain  jet  for  the  various  rod  lengths  was  not  very  large.  Based  upon  the  Mach 
number  at  the  shroud  exit  of  approximately  0.58,  Figure  Vlt.A-KC,  the  overall 


sound  pressure  level  variation  with  angular  position  should  approach  the  dis¬ 
tribution  of  a  plain  jet  at  a  Mach  number  of  0.60,  obtained  in  Ref.  1  and  shown 
in  Figure  VII.A-14E.  The  increase  in  the  overall  sound  pressure  level  for  the 
plain  jet  at  a  Mach  number  of  0.60  due  to  the  larger  mass  flow  through  the  shroud 
and  slightly  lower  velocity  is  only  a  few  dBs.  Therefore,  the  difference  in  the 
overall  sound  pressure  levels  with  the  shroud  attached  to  a  primary  jet  at  a 
nominal  Mach  number  of  1.5  with  no  induced  flow  and  that  for  the  plain  jet  at  a 
Mach  number  of  0.60,  which  is  approximately  the  same  Mach  number  as  existing 
at  the  shroud  exit,  is  caused  primarily  by  the  transition  shock  waves  through 
which  the  supersonic  flow  becomes  subsonic  within  the  shroud.  By  comparing 
these  sound  pressure  level  curves,  it  is  evident  that  the  transition  shock  wave 
is  increasing  the  sound  pressure  level  by  approximately  20  dB  at  the  19.1° 

location  and  has  the  largest  increase  of  about  30  dB  at  the  60°  position.  This 
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large  increase  at  this  location  is  due  mainly  to  the  refraction  of  the  acous¬ 
tic  waves  produced  by  the  transition  shock  waves  located  close  to  the  nozzle 
exit. 

By  using  191  tubes,  in  Ref.  33  and  with  each  tube  enclosed  by  a  hexagonal 
shroud  and  with  no  induced  flow  through  the  shrouds,  the  flow  at  the  multi¬ 
shroud  exit  was  subsonic  with  the  primary  tube  Mach  number  of  1.4  and  the  overall 
sound  pressure  levels  were  approximately  10  db  lower  than  for  the  single  shroud 
with  no  induced  flow  for  a  primary  jet  Mach  number  of  1,5  shown  in  Figure  VII.A-14E. 
Thus,  by  breaking  the  large  transition  shock  waves  existing  downstream  of  the 
primary  nozzle  exit  within  the  shroud  with  no  induced  flow  from  a  single  large 
primar  nozzle  to  many  smaller  transition  shock  waves  from  multiple  small  tube 
nozzles  with  each  tube  enclosed  in  a  shroud,  the  overall  sound  pressure  level  is 
decreased  considerably  from  that  existing  for  an  equivalent  single  nozzle  with 
a  shroud. 

The  sound  power  level  spectra  for  a  plain  convergent  nozzle  at  Mach  numbers 
of  0.60  and  1.5  and  with  rods  and  shroud  with  no  induced  flow  are  presented  in 
Figure  VII.A-14F  from  data  obtained  in  Refs.  1  and  8.  The  power  spectra  were 
determined  from  the  microphone  measurements  obtained  at  a  radiu3  of  10  ft.  from 
the  jet  and  shroud  exits.  Hie  power  spectra  was  obtained  up  to  16  KHz,  which 
was  the  limit  of  the  tape  recorder.  Since  these  uata  were  obtained,  power  spectra 
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have  been  obtained  up  to  80  KHz  and  the  power  spectra  for  the  plain  jet  decreased 
continuously  for  frequencies  between  16  KHz  and  80  KHz,  for  a  jet  Mach  number 
of  1.4,  With  the  primary  jet  at  a  pressure  ratio  of  3.7  and  nominal  Mach  number 
of  1.5,  the  use  of  a  58  !»i,  long  shroud  with  no  induced  flow  through  the  shroud 
decreased  the  p >wer  spectra  at  all  frequencies  from  that  of  the  plain  jet  as 
shown  in  Figure  VII.A-14F,  for  various  rod  lengths.  Again  the  difference  in 
the  power  spectra  due  to  the  various  rod  lengths  was  small  as  observed  for  the 
overall  sound  pressure  levels  in  Figure  VII.A-14E.  At  1000  H2  the  power  spectra 
for  the  shroud  with  no  induced  flow  was  approximately  22  dB  less,  than  that  for 
the  plain  Mach  1.5  jet.  For  frequencies  less  than  1000  Hz  the  power  spectra 
with  the  shroud  \.ere  slightly  higher  than  that  existing  for  the  plain  subsonic 
jet  at  a  Mach  number  of  0.60.  But  for  frequencies  greater  that  1000  Hz  the 
difference  in  the  power  spectra  for  the  Mach  0.60  jet  and  the  Mach  1.5  jet  with 
the  shroud  became  very  large  with  a  difference  of  approximately  30  dB  at  16 
KHz.  At  these  high  frequencies  the  power  spectra  for  the  shroud  with  rods  of 
various  lengths  approached  that  of  the  plain  jet  at  a  Mach  number  of  1.5.  Since 
the  Mach  number  at  the  shroud  exit  was  approximately  0.58,  the  difference  in 
the  power  spectra  for  frequencies  higher  than  1000  Hz  for  the  plain  jet  at 
Mach  numbers  of  0.60  and  the  shroud  with  and  without  rods  is  caused  mainly  by 
the  transition  shock  waves  in  the  shroud.  The  noise  from  these  shock  waves 
is  greatest  at  the  higher  frequencies,  and  thus,  for  an  efficient  supersonic 
jet  noise  suppressor  it  is  imperative  to  minimize  the  noise  from  the  transi¬ 
tion  shock  waves  in  the  suppressor  to  fully  utilize  the  noise  reduction  from 
decreased  velocity  at  the  exit  of  the  suppressor. 

The  overall  sound  power  level  reductions  from  a  plain  jet  at  a  Mach  number 

of  1.5  with  the  shroud  and  no  induced  flow  were  9.4,  8.5,  and  9.0  dB  for  six 

rod  lengths  of  0,  1/4,  and  3/4  in.  respectively  as  indicated  in  Figure  VU.A-14F. 

But  the  difference  in  the  overall  sound  power  level  between  the  2  in.  convergent 

jet  at  Mach  numbers  of  0.60  and  1.5  was  36.6  dB  and  the  difference  corrected  to 
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the  same  mass  flow  by  Lighthill’s  subsonic  jet  noise  equation 
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existing  for  the  Mach  1.5  jet  is  34.5  dB.  This  overall  sound  power  level 
difference  is  approximately  25  dB  greater  than  that  observed  with  the  shroud, 
which  had  an  exit  Mach  number  of  approximately  0.58.  Hence,  the  transition 
shock  waves  in  the  shroud  from  the  Mach  1.5  jet  are  generating  large  amounts 
of  acoustic  power  to  the  ambient  air. 

VII.A.4  PARALLEL  FLOW  AND  CONVERGENT  NOZZLES  WITH  RODS,  SHROUD,  AND  INDUCED 
FLOW 

Parallel  Flow  Nozzle  with  Rods,  Shroud,  and  Induced  Flow 

An  investigation  was  conducted  with  both  parallel  flow  and  convergent 
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nozzles  with  six  small  rods  placed  at  the  nozzle  exit  and  a  4  in.  diameter 
58  in.  long  shroud  located  at  the  nozzle  exit  as  shown  in  Figures  VIF.A-14A 
and  15A.  For  both  nozzles  the  throat  diameter  was  2  in.  and  the  reservoir 
conditions  were  the  same  with  a  pressure  ratio  of  3.7  which  corresponds  to  a 
Mach  number  of  1.5  for  the  expansion  of  the  jet  to  the  ambient  pressure.  The 
long  shroud  was  used  to  obtain  information  regarding  the  suppression  of  a  Mach 
1.5  jet  by  inducing  the  ambient  air  through  the  shroud  and  shielding  the  acoustic 
radiation  from  the  supersonic  portion  of  the  jet  to  the  outside.  Six  1/4  in. 
diameter  rods  were  used  in  conjunction  with  the  induced  flow  through  the  shroud 
to  determine  the  effectiveness  of  weak  detached  shock  waves  from  the  six  rods 
interacting  with  Che  supersonic  primary  jet  in  reducing  the  noise.  Both  flow 
and  acoustic  characteristics  were  determined  for  both  nozzles  with  the  rods, 
shroud,  and  induced  flow  to  correlate  the  reduction  in  the  overall  sound  power 
level  of  the  plain  supersonic  jet  with  the  change  in  the  flow  variables.  The 
available  literature  for  this  type  of  correlation  between  the  reduction  la  the 
acoustic  power  level  with  the  corresponding  change  in  the  flow  characteristics 
is  still  very  limited. 

For  the  parallel  flow  nozzle  with  a  throat  diameter  of  2  in.  the  nozzle 
was  attached  to  the  reservoir  section  as  shown  in  Figure  VI1.A-15A.  With  this 
nozzle  configuration  the  4  in.  diameter  shroud  was  either  attached  directly  to 
the  nozzle  exit  for  the  no  induced  flow  condition  or  was  moved  downstieatn  1  in. 
to  permit  the  ambient  air  to  enter  the  shroud.  The  six  1/4  in.  diameter  rods 
were  placed  at  the  nozzle  exit  by  the  use  of  a  ring  section  as  shown  in  Figure 
VH.A-15A.  To  simplify  the  surveys  of  the  jet  exhaust  with  impact,  total 
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temperature,  and  piezoelectric  impact  pressure  probes,  the  air  supply  from  the 
compressors  to  the  nozzle  was  approximately  room  temperature  and  a  detailed 
description  of  the  jet  exhaust  noise  facility  is  presented  in  Ref.  8. 

The  shroud  pressure  distributions  for  the  single  shroud  of  4  in.  diameter 
and  a  length  of  58  in.  and  with  the  second  shroud  of  5-3/4  in.  diameter  and  a 
length  of  36  in.  attached  to  the  exit  of  the  contoured  nozzle,  Figure  VH.A-15A, 
operated  at  a  jet  Mach  number  of  1.5  are  presented  in  Figure  VIT.A-15B.  With 
the  single  shroud  and  no  induced  flow  Che  shroud  pressure  at  the  nozzle  exit  is 
approximately  0.32  of  the  ambient  pressure.  The  shroud  pressure  increased  rapidly 
from  this  low  value  and  attained  nearly  0.5  of  the  ambient  pressure  at  approxi¬ 
mately  3  in.  from  the  nozzle  exit.  This  result  indicates  that  the  supersonic 
jet  flow  is  going  through  transition  shock  waves  to  subsonic  velocity  close  to 
the  nozzle  exit.  From  10  in.  downstream  of  the  nozzle  exit  the  shroud  pressures 
close  to  the  ambient  pressure.  With  the  shroud  moved  back  i  in.  from  the  nozzle 
exit,  cf.  Figure  V1I.A-15A,  which  permitted  ambient  air  to  be  induced  Into  the 
58  in.  long  shroud,  the  pressure  ratio  at  the  shroud  entrance  was  approximately 
0.46  and  remained  close  to  this  pressure  for  nearly  15  in.  before  increasing 
slowly  to  the  ambient  pressure  at  the  shroud  exit.  Thus,  with  the  induced  flow 
through  the  shroud  the  primary  jet  velocity  remains  supersonic  over  a  longer 
distance  that  with  no  induced  flow.  When  the  second  5-3/4  in.  diameter  shroud 
was  placed  at  the  end  of  the  first  shroud,  the  shroud  pressures  remained  low 
for  the  first  shroud  with  the  pressure  at  the  shroud  exit  of  approximately 
0.76  of  the  ambient  pressure.  The  pressures  in  the  second  shroud  increased 
from  0.76  to  ambient  pressure  at  the  exit  as  shown  in  Figure  VU.A-15B.  With 
thy  single  58  in.  long  shroud  and  l  in.  gap  the  induced  flow  through  the  shroud 
was  .66  of  the  primary  jet  mass  flow  and  by  using  the  two  shrouds  in  series 
with  gaps  for  outside  air  to  enter  the  ehrouds,  the  induced  mass  flow  was 
slightly  greater  than  the  primary  jot  mass  flow  as  indicated  in  Table  VI I. A- 1 
from  Ref.  8. 

From  the  impact  pressure  and  total  temperature  probe  surveys,  the  local 
flow  Mach  number,  velocity,  temperature,  and  density  were  determined  and  thy 
calculated  quantities  from  these  measurements  are  presented  in  Table  VU.A-i 
l or  a  Mach  number  1.5  flow  condition  for  the  plain  jet.  Tito  experimental  Mach 


number  distribution  across  the  exit  of  the  contoured  nozzle  is  presented  in 
Figure  V1I.A-15C.  The  Mach  number  is  slightly  lover  at  the  axis  of  the  nozzle 
and  increased  slightly  to  the  outer  edge  with  the  average  Mach  number  of  approxi¬ 
mately  1.5.  With  the  58  in.  long  shroud  and  no  induced  flow,  the  flow  Mach 
number  is  nearly  constant,  at  0.58,  across  the  shroud  exit.  The  shroud  pressure 
distribution  for  this  configuration  indicated  in  Figure  VTI.A-15R  that  the  flow 
became  subsonic  close  to  the  nozzle  exit.  When  the  shroud  was  moved  downstream 
from  the  nozzle  exit  by  1  in.  the  Mach  number  at  the  shroud  exit,  over  the  initial 
0.75  in.  from  the  axis  was  approximately  sonic  and  for  greater  radial  distance 
the  velocity  decreased  slowly  as  shown  in  Figure  VI1.A-15C.  For  this  configura¬ 
tion  with  induced  flow  the  ambient  air  had  not  mixed  completely  with  the  primary 
Jet  to  produce  uniform  velocity  at  the  exit  of  the  58  in.  shroud.  By  the  addi¬ 
tion  of  the  second  larger  shroud  at  the  exit  of  the  first  shroud,  the  Mach  num¬ 
ber  at  the  second  shroud  exit  was  approximately  0.74  on  the  axis  and  decreased 
to  approximately  0.4  at  the  outer  radius.  Even  for  this  long  total  length  for 
both  shrouds,  the  flow  velocity  at  Che  shroud  exit  was  still  not  uniform.  The 
ratios  of  the  maximum  and  average  velocity  at  the  shroud  exit  to  the  primary 
jet  velocity  are  presented  in  Figure  VII.A-15D  as  a  function  of  the  ratio  of  the 
mass  flows  of  the  induced  air  and  primary  jet  for  the  single  shroud  and  two 
shroud  configuration.  Without  the  shoe)'  waves  from  the  six  small  rods  and  in¬ 
duced  flow,  the  velocity  at  the  shroud  exit  is  not  uniform  and  the  effects  will 
be  discussed  further  with  the  convergent  nozzle  configuration  in  the  next  sec¬ 
tion  of  Che  report. 

By  measuring  the  sound  pressure  levels  at  eight  angular  positions  from 

19.1“  to  146.4“  on  a  10  ft.  radius  from  the  nozzle  or  shroud  exits,  the  overall 

sound  pressure  level  variations  with  angular  position  are  s.town  in  Figure  Vtt.A- 

iSE  for  various  nozzle  configurations.  For  the  plain  jet  at  a  Mach  number  of 

i.S  the  overall  sound  pressure  level  decreases  continuously  from  the  value 

elosest  to  the  jet  axis  to  the  maximum  angular  position,  similar  to  a  subsonic 
1  14  ^9 

jet  ’  *”  .  With  parallel  flow  nozzles  the  shock  bottles  do  not  exist  for 

supersonic  Mach  numbers  so  that  the  sound  pressure  level  decreases  with  angular 
position,  which  is  not  the  case  with  the  convergent  nozzle.  Figure  VU.A-1Q, 
as  discussed  in  Ref.  1.  The  sound  pressure  levels  for  the  long  shroud  without 
the  induced  flow  were  approximately  15  dS  lower  at  the  19.1s  location  than  for 


che  plain  jce  but  at  the  60*  location  the  sound  pressure  level  was  about  the 
sane  as  for  the  plain  jet.  And  at  larger  angular  positions  from  the  jet  axis 
Che  sound  pressure  level  became  lower  than  the  plain  jet.  With  a  gap  of  1  in. 
between  the  shroud  entrance  and  the  no2ale  exit  the  overall  sound  pressure 
levels  were  always  lower  than  the  plain  jet  values  with  the  greatest  reduction 
of  approximately  12  dB  occurring  at  the  19.1*  location.  By  the  addition  of 
six  1/A  in.  diameter  rods  of  3/A  in.  length  to  Che  shroud  with  the  gap,  the 
overall  sound  pressure  levels  were  decreased  even  more  with  approximately  20  dU 
reduction  at  the  19.1®  location  from  the  plain  jet  value.  Even  for  this  con¬ 
figuration  the  peak  overall  sound  pressure  level  occurred  at  the  60°  location 
due  probably  to  the  refraction  of  the  acoustic  waves  in  the  shroud  as  discussed 
in  Ref.  32.  For  the  combination  of  the  two  shrouds  with  gaps,  the  overall 
sound  pressure  levels  were  all  much  lower  Chan  Chat  for  the  plain  jet  with 
approximately  20  dB  reduction  at  the  19.1*  locations.  But  at  angular  positions 
greater  than  99.6®  the  overall  sound  pressure  level  Increased  and  approach  the 
plain  jet  value  for  this  configuration  as  shown  in  Figure  VII.A-15E.  This 
increase  could  be  due  to  the  acoustic  radiation  from  the  entrance  of  the  second 
larger  diameter  shroud. 

From  the  tape  recorded  microphone  data  obtained  at  the  eight  angular  posi¬ 
tions.  the  third-octave  band  sound  power  level  was  obtained  as  a  function  of 
the  frequency  for  the  various  configurations^,  and  the  results  are  presented 
in  Figure  VU.A-13F.  For  the  plain  jet  at  a  Mach  number  of  1.5  the  power  spectra 
continuously  increased  from  the  low  frequency  to  a  peak  at  approximately  3700 
Hz  before  decreasing.  Since  the  microphone  was  placed  on  a  10-fe.  radius  from 
the  jet  exit,  there  is  some  scatter  in  the  power  speetra  for  frequencies  lower 
than  100  Ha  because  the  microphone  at  these  lower  frequencies  was  in  the  near¬ 
field. 

When  the  SB  in.  long  shroud  was  attached  to  the  noa2le  with  no  gap,  the 
resultant  flow  in  the  shroud  produced  organ  pipe  effects  as  shown  by  the  power 
spectra  in  Figure  Vil.A-ISF.  At  low  frequencies  the  power  level  was  lower  than 
that  for  the  plain  jet  and  at  approximately  ISO  Ha  the  organ  pipe  effect  pro¬ 
duced  an  appreciable  increase  in  the  power  level.  Over  the  frequency  range 
of  approximately  600  to  6SOO  Ua  the  power  spectra  was  lower  than  that  for  the 
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plain  jot  and  at  higher  frequencies  the  power  spectra  was  close  to  that  for  the 
plain  jot.  The  organ  pipe  effect  on  the  power  spectra  was  eliminated  by  using 
a  1  in.  gap  between  the  shroud  entrance  and  nozzle  exit  to  permit  induced  flow 
of  approximately  66  percent  of  the  primary  jet  mass  flow,  Table  VIl.A-i.  With 
this  arrangement  the  power  level  was  lower  than  that  for  the  plain  jet  at  all 
frequencies  with  the  greatest  reduction  of  nearly  9  dB  occurring  at  approximately 
7300  Hz,  £od  the  overall  sound  power  level  was  5.9  UB  less  than  the  value  for 
the  plain  jet.  The  addition  of  the  second  shroud  with  gaps  for  both  shrouds 
decreased  the  power  spectra  from  that  of  the  58  in.  shroud  with  the  gap  and  the 
overall  power  level  was  9.4  dB  lower  Chat  that  for  the  plain  jet.  By  the 
addition  of  six  1/4  in.  diameter  rods  of  3/4  in.  length  to  the  single  58  in.  long 
shroud  with  a  l  in.  gap,  the  power  level  was  lower  than  the  plain  jet  at  all 
frequencies  and  the  overall  sound  power  level  was  decreased  12.1  dB  from  the 
plain  jet  at  a  Mach  number  of  1.5,  ’ 

The  overall  sound  power  level  reduction  of  a  parallel  flow  Mach  1.5  jet  is 
presented  in  Figure  VII.A-lSfi  as  a  function  of  the  induced  mass  flow  ratio  for 
single  and  two  shrouds  and  with  six  rods.  Also,  in  this  figure  the  overall 
sound  power  level  reduction  calculated  ftow  Lighthill's  prediction,  Fq.  (Vtt.A-5) 
is  presented  as  a  function  of  the  induced  mass  flow  ratio,  in  the  calculation 
the  experimental  measured  flow  quantities  were  used  and  the  results  are  presented 
in  Table  VII.A-l.  There  is  a  large  difference  between  the  observed  overall 
sound  power  level  reduction  from  the  plain  jet  and  that  calculated  by  Lighthill's 
equation.  One  of  the  primary  differences  is  due  to  the  fact  that  Lighthill’s 
subsonic  jet  noise  equation  applies  to  jess  with  uniform  exit  velocity  while 
the  velocity  at  the  shroud  exits  were  not  uniform  without  the  six  rods,  as  shewn 
in  Figure  Vil.A-iSC.  With  the  addition  of  the  six  1/4  in.  diameter  rods  of 
3/4  in.  length  to  the  58  in.  long  shroud  with  gap,  the  experimental  overall 
sound  power  level  reduction  from  the  plain  jet  approached  the  value  calculated 
by  Lighthill's  equation  because  of  the  uniform  velocity  at  the  shroud  exit  as 
will  be  shown  with  the  convergent  nasal©  in  the  next  section. 

Convergent  Kosale  with  £ods,  Shroud,  and  Induced  Flew 

Investigations  were  conducted  with  both  contoured  and  convergent  nossies 
with  the  same  throat  diameter  of  2  in.  to  investigate  the  supersonic  jet  noise 
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reduction  with  small  rods,  shroud,  and  induced  flow  *  .  This  study  was  made 

to  determine  with  which  type  of  nozzle  it  would  bo  possible  to  achieve  the  greatest 
noise  reduction  for  a  supersonic  jet  Mach  number  of  1.5.  Therefore,  these  two 
different  types  of  nozzles  were  operated  with  the  same  throat  and  reservoir 
conditions,  with  six  1/4  in.  diameter  rods,  with  a  shroud  of  4  in.  diameter 
and  a  length  of  58  in.,  and  with  a  gap  between  the  nozzle  exit  and  shroud 
entrance  to  permit  induced  flow. 

The  possible  configurations  for  the  convergent  nozzle  with  various  rods 
and  shroud  arrangement  are  shown  in  Figure  VII.A-14A.  For  cite  shroud  open 
condition  the  entrance  to  Che  long  shroud  was  located  3-1/4  in.  upstream  of  the 
2  in.  diameter  convergent  nozzle  exit.  At  the  first  static  pressure  location 
for  the  shroud,  which  was  upstream  of  the  uozzle  exit  as  indicated  in  Figure 
VII.A-16A,  the  shroud  pressure  was  approximately  0.61  of  the  ambient  pressure. 

For  a  location  5  in.  downstream  of  the  nozzle  exit  the  shroud  pressure  was  only 
0.31  of  the  ambient  pressure  and  the  pressure  ratio  increased  to  approximately 
0.35  at  the  22  in.  location.  These  low  shroud  static  pressures  indicate  the 
large  aspirating  effects  of  the  2  in.  diameter  supersonic  jet  mixing  within 
the  4  in,  diameter  shroud-  At  these  low  pressure  conditions  the  primary  jet 
expands  to  a  higher  Mach  number  than  1.5  calculated  for  the  condition  of  the 
reservoir  air  expanding  isentropically  to  the  ambient  prepare  condition.  The 
pressure  in  the  shroud  increased  rapidly  over  a  region  of  22  to  33  in.  and  at 
the  shroud  exit  the  pressure  approached  the  ambient  value. 

Six  1/4  in.  diameter  rods  of  various  lengths  were  plaeed  1/2  in.  downstream 
of  the  nozzle  exit,  ef  Figure  V11.A-14A,  and  the  shroud  pressure  distribut ions 
for  the  different  rod  lengths  with  induced  flow  through  the  shroud  are  presented 
in  Figure  VU.A-16A.  For  a  rod  length  of  1/4  in.  the  shroud  pressure  ratio  over 
the  entrance  region  was  approximately  0.66  and  the  pressure  increased  rapidly 
over  the  distance  of  3  to  ?  in.  from  the  nozzle  exit.  The  shroud  pressure  was 
ssjual  to  the  ambient  pressure  at  a  distance  of  20  in.  from  the  nozzle  exit  and 
remained  above  ambient  pressure  over  the  rest  of  the  shroud  length.  Evidently 
the  shock  waves  from  the  six  rods  of  1/4  in.  length  were  strong  enough  to  inter¬ 
act  with  the  primary  jet  shock  bottle  system  and  decrease  the  jet  velocity  and 
increase  the  mixing  with  the  induce  air.  For  other  rad  lengths  of  1/2  and 


3/4  in.  the  shroud  pressures  wore  increased  over  that  of  the  rod  length  of  1/4 
in.  for  the  distance  of  21  in.  from  the  nozzle  exit  and  became  equal  to  the 
ambient  pressure  at  this  location.  But  for  distances  greater  than  this  to 
the  shroud  exit  the  pressure  was  close  to  the  ambient  and  less  than  for  the  1/4 
in.  length  configuration  as  indicated  in  Figure  VII.A-16A.  the  detached  shock 
waves  from  the  six  rod  lengths  of  1/2  and  5/4  in.  were  stronger  than  that  with 
the  rod  length  of  1/4  in.  so  that  the  interaction  of  the  stronger  shock  waves 
with  the  primary  jet  waves  decreased  the  primary  jet  velocity  by  a  greater 
amount. 

In  Figure  VII.A-14C  the  radial  Kach  number  distributions  ,.c  the  end  of  the 
SB  in.  long  shroud  with  and  without  induced  flow  and  with  six  rods  of  1/4  in. 
length  are  presented  for  a  primary  jet  Mach  number  of  1.5.  With  the  gap  between 
the  shroud  and  Che  nozzle  closed,  cf.  Figure  VI t ,A'.'.4A,  the  flow  Mach  number 
at  the  shroud  exit  was  nearly  constant  at  a  Mach  number  of  approximately  0.58, 
which  is  similar  to  what  was  observed  with  the  parallel  nozzle  flow  with  shroud 
as  shown  in  Figure  VI1.A-15C.  When  the  gap  was  opened  to  permit  induced  flow, 
the  flow  Maeh  number  was  not  constant  across  the  shroud  exit  but  decreased  from 
a  Maeh  number  of  0.92  at  the  axis  to  approximately  0.65  at  the  outer  edge  of 
the  shroud.  This  corresponds  to  an  average  velocity  of  756  fc/see  and  total 
mass  flow  of  .16?  siugs/sec  as  shown  in  Table  VII. A-2.  The  Maeh  number  at  rhe 
shroud  exit,  with  a  gap  and  six  rods  of  1/4  in.  length,  determined  from  the  impact 
pressure  surveys  made  in  line  with  the  rods  and  between  the  rods  are  presented 
in  Figure  VU.A-14C.  Within  the  experimental  accuracy  the  radial  flow  Mach 
number  distribution  across  the  shroud  exit  determined  from  these  impact  surveys 
were  practically  identical.  The  shock  waves  from  the  six  rods  increased  the 
mixing  of  the  primary  jet  and  the  induced  flow  with  a  resultant  nearly  constant 
Mach  number  across  the  shroud  of  approximately  0.77.  This  corresponded  to  an 
average  flow  velocity  of  ?7!  ft/sec  and  a  total  mass  flow  rate  of  .17?  slugs/see 
as  shown  in  Table  VI1.A-2.  Thus,  the  six  rods  of  1/4  in.  length  sa4e  the  velo¬ 
city  at  the  shroud  exit  nearly  constant  and  increased  the  induced  flow  compared 
to  the  case  of  the  shroud  without  the  rods. 
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Surveys  were  conducted  along  the  axis  of  the  jet  with  impact  prr .sure  and 
total  temperature  probes  inside  and  downstream  of  the  4  in.  diameter  38  in.  long 
shroud  and  the  results  for  the  variation  of  the  axial  Mach  number  for  the  d if- 
ferent  configurations  are  presented  in  Figure  VI1.A-I4b.  Again  with  the  gap 
closed  for  the  shroud,  the  flow  Mach  number  was  subsonic  both  inside  and  down* 
stream  of  the  shroud.  At  the  shroud  exit  the  Mach  number  was  approximately 
0.55  and  remained  nearly  constant  for  18  in.,  which  corresponds  to  an  axial 
distance  to  shroud  diameter  ratio  of  4.5.  For  a  uniform  subsonic  jet  at  a 
Mach  number  of  0.6,  the  uniform  core  region  extended  to  approximately  5  diame¬ 
ters  as  observed  in  Ref.  1. 

With  the  gap  opened  between  the  shroud  and  the  nozzle  and  without  the  six 
rods,  the  axial  Mach  numbers  upstream  and  downstream  of  the  shroud  exit  were 
not  constant  but  varied  ouch  more  than  the  case  with  no  Induced  flow  as  shown 
in  Figure  V1I.A-140.  The  axial  Mach  number  decreased  continuously  with  distance 
from  a  value  of  0,9  at  Che  shroud  exit.  This  type  of  axial  variation  of  the 
flow  velocity  is  due  to  the  fact  that  the  velocity  at  the  shroud  exit  was  not 
uniform  as  indicated  in  Figure  VXI.A-14C.  The  mixing  of  the  primary  )st  and  the 
induced  flow  was  not  completed  before  reaching  the  end  of  the  S8  in.  long  shroud. 
When  the  six  rods  of  1/4  in.  length  were  placed  downstream  of  the  no22le  exit 
with  the  gap  for  induced  flow,  the  velocity  decayed  more  slowly  within  the 
shroud  and  decreased  to  a  Mach  number  of  0.78  at  the  exit  as  shown  in  Figure 
VU.A-14D.  Downstream  of  the  shroud  the  flow  velocity  remained  nearly  constant 
for  approximately  4  diameters  or  16  in.  before  decreasing  with  distance.  For 
this  configuration  the  velocity  at  the  shroud  exit  was  nearly  uniform.  Figure 
VU.A-14C,  and  consequently,  the  flow  from  the  shroud  was  tike  a  uniform  subsonic 
jet. 

In  Figure  Vtl.A-168  the  ms  values  of  the  piezoelectric  impact  pressure 
fluctuations  are  presented  for  the  various  eonf igurations.  For  the  plain 
negate  the  peak  pressure  fluctuations  occurred  at  approx iaat el y  28  in.  from 
the  aoasie  exit,  which  was  slightly  ahead  of  the  sonic  location.  One;  inch  down¬ 
stream  of  the  aoasle  exit  the  ms  value  of  the  piezoelectric  pressure  fluctua¬ 
tions  was  approximately  Q.45  m  and  the  peak  value  was  nearly  5  w  in  the  vici¬ 
nity  of  the  sonic  velocity  on  the  axis,  fy  placing  the  long  shroud  at  the  nuz¬ 
zle  exit  with  no  gap  for  the  ambient  air  to  enter  the  shroud,  the  piezoelectric 


pressure  fluctuations  along  the  axis  from  the  shroud  exit  remained  relatively 
low  and  increased  gradually  to  a  peak  value  of  approximately  1  rav  at  the  30  in. 
location. 

With  the  gap  opened  between  the  shroud  and  the  nozzle.  Figure  VII.A-14A, 
the  rms  value  of  the  piezoelectric  impact  pressure  fluctuations  was  2  mv  at 
1  in.  downstream  of  the  shroud  exit  and  remained  close  to  this  value  over  a 
distance  of  nearly  30  in.  as  indicated  in  Figure  VII.A-16B.  With  the  addition 
of  six  rods  of  1/4  in.  length  the  rms  value  of  the  piezoelectric  pressure  fluc¬ 
tuations  was  0.4  mv  at  1  in.  downstream  of  the  shroud  exit,  which  is  one-fifth 
of  the  value  for  the  case  without  the  rods.  The  piezoelectric  pressure  fluct¬ 
uations  for  these  configurations  remained  low  over  the  distance  of  30  in.  For 
these  configurations  of  the  shroud  velocities  across  the  shroud  exit  were  nearly 
the  same.  Table  VII. A-2,  but  the  piezoelectric  impact  pressure  fluctuations  were 
much  higher  for  the  non-unifonn  radial  velocity  distribution  across  the  shroud 
without  the  rods. 

The  overall  sound  pressure  Levels  cunction  of  angular  position  from  the 
convergent  nozzle  axis  with  six  rods  of  ..ious  lengths  and  shroud  opened  are 
presente  in  Figure  VII.A-16C.  As  discussed  previously  the  overall  sound  pres¬ 
sure  level  for  the  plain  nozzle  at  a  Mach  number  1.5  remains  nearly  constant 
for  angles  greater  than  44°  because  of  the  shock  bottles.  The  overall  sound 
pressure  levels  for  the  shroud  with  the  gap  closed  and  opened  are  quite  similar 
as  indicated  in  Figure  VII.A-14E  and  16C  with  the  peak  occurring  at  60°  from  the 
jet  axis.  The  lowest  overall  sound  pressure  levels  were  obtained  with  the  six 
rods  of  1/4  in.  length  for  the  shroud  with  induced  flow.  At  the  19.1°  angular 
position  the  overall  sound  pressure  level  was  approximately  20  dB  less  than  the 
value  for  the  plain  jet  and  the  smallest  reduction  of  approximately  12  dB  from 
the  plain  nozzle  occurred  at  the  60°  position.  For  larger  angular  positions  the 
reduction  of  the  overall  sound  pressure  level  increased  to  approximately  25  dB  at 
the  146.4°  location,  Figure  VII.A-16C.  For  longer  rod  lengths  of  1/2  ard  3/4  in. 
the  overall  sound  pressure  levels  increased  with  increasing  rod  length  relative 
to  the  1/4  in.  rod  length  configuration  for  all  angular  positions  except  at  the 
19.1°  location.  Evidently  the  noise  from  the  interaction  of  the  detached  shock 
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waves  from  the  six  rods  and  the  primary  shock  bottle  system  increased  with  the 
length  of  the  rods  with  a  corresponding  increase  in  the  overall  sound  pressure 
level . 


The  sound  power  level  spectra  for  the  convergent  nozzle  at  a  Mach  number 
of  1.5  with  various  configurations  of  rods,  shroud,  and  induced  flow  are  pre¬ 
sented  in  Figure  VII.A-16D.  With  the  long  shroud  and  with  the  gap  closed,  the 
sound  power  spectra  was  shown  in  Figure  VII.A-14F  to  be  lower  than  the  plain  jet 
overall  of  the  frequency  range  and  approached  the  plain  jet  spectra  at  the 
higher  frequencies.  The  overall  sound  power  level  reduction  from  the  plain  jet 
for  this  configuration  was  9.4  dB  as  shown  in  Table  VII. A-3.  With  the  gap  and 
without  the  six  rods.  Figure  VII.A-16D,  the  sound  power  spectra  was  higher  than 
the  case  with  the  gap  closed  over  the  frequency  range  of  100  to  4000  Hz,  as  seen 
by  comparing  Figures  VII.A-14F  and  16D.  For  higher  frequencies  the  sound  power 
levels  were  very  close  for  these  two  configurations  and  the  overall  sound  power 
level  reduction  with  the  gap  was  11.2  dB  from  that  of  the  plain  jet.  By  the 
use  of  six  rods  of  1/4  in.  leng  .  and  the  shroud  with  gap,  the  sound  power  levels 
were  much  less  than  that  for  the  plain  jet  with  nearly  25  dB  reduction  at  ap¬ 
proximately  4500  Hz.  The  overall  sound  power  level  reduction  was  17.3  dB  from 
the  plain  jet  at  a  Mach  number  of  1.5  as  shown  in  Table  VII. A-3  and  Figure  VII.A-16D. 
For  longer  rod  lengths  of  1/2  and  3/4  in.  the  overall  sound  power  level  reductions 
were  13.9  and  10.5  dB  respectively.  Thus,  for  a  convergent  nozzle  operated  at  a 
Mach  number  of  1.5  with  six  1/4  in.  diameter  rods  placed  downstream  of  the  nozzle 
exit.  Figure  VII.A-14A,  the  overall  sound  power  level  reduction  from  the  plain 
jet  with  shrouc  and  induced  flow  decreased  from  17.3  to  10.5  dB  by  increasing 
the  rod  lengths  from  1/4  to  3/4  in. 

Comparison  of  Acoustic  Properties  of  M  =  1.5  Parallel  Flow  and  Convergent 
Nozzles  with  Suppressors 

The  acoustic  results  for  parallel  flow  and  convergent  nozzles  with  a  throat 
diameter  of  2  in,  and  operated  with  the  same  pressure  ratio  of  3.7  to  produce 
a  Mach  number  of  1.5  are  summarized  in  Table  VII. A-3  and  Figures  VII.A-17A 
through  17C,  For  both  of  these  nozzles  the  same  shroud  with  an  inside  diameter 
of  4  in.  and  a  length  of  58  in.  was  placed  at  the  nozzle  exit  as  indicated  in 


Figures  VII.A-14A  and  15A  with  and  without  the  gap  between  the  shroud  and  the 
nozzle.  Six  1/4  in.  diameter  rods  of  various  lengths  were  placed  at  the  nozzle 
exits. 

The  primary  objective  of  the  investigation  of  the  two  types  of  supersonic 
nozzles  was  to  determine  the  type  of  nozzle  which  is  more  suitable  for  decreasing 
the  overall  sound  power  level  with  a  shroud  and  induced  flow. 

For  the  plain  jets  at  a  Mach  number  of  1.5  the  overall  sound  power  levels 
were  153.1  and  156.2  dB  for  parallel  flow  and  convergent  nozzles  respectively 
as  presented  in  Table  VII. A-3.  The  shock  bottles.  Figure  VII. A-l,  present  with 
the  convergent  nozzle  increased  the  acoustic  power  level  by  only  3.1  dB  compared 
to  the  parallel  flow  nozzle  without  the  shock  waves.  Over  the  initial  angular 
positons  of  19.1°  to  50°  from  the  jet  axis,  the  sound  pressure  levels  for  the 
parallel  flow  nozzle  were  slightly  higher  than  the  convergent  nozzle  as  indicated 
in  Figure  VII.A-17A.  But  for  higher  angular  positions  the  sound  pressure  level 
decreased  for  the  contoured  nozzle  and  was  lower  than  for  the  convergent  nozzle. 
With  the  parallel  flow  nozzle  the  greatest  overall  sound  power  level  reduction 
of  12.1  dB  was  obtained  with  the  shroud,  six  rods  of  3/4  in.  length,  and  induced 
flow  as  indicated  in  Table  VII. A-3.  And  the  overall  sound  power  level  for  this 
configuration  was  141  dB.  While  with  the  convergent  nozzle  the  greatest  noise 
reduction  of  17.3  dB  was  achieved  with  the  shroud,  six  rods  of  1/4  in.  length, 
and  induced  flow.  And  the  overall  sound  power  level  was  138.9  dB  for  this 
suppressor  arrangement.  In  Figure  VII.A-17A  the  sound  pressure  levels  for  these 
configurations  are  presented  as  a  function  of  the  angular  position  from  the  jet 
axis.  At  all  angular  positions  the  sound  pressure  level  for  the  parallel  nozzle 
flow  with  shroud,  rods,  and  induced  flow  was  a  few  dB  higher  than  for  the  same 
shroud  configuration  with  !i.e  convergent  nozzle.  For  both  nozzles  the  reduction 
in  the  sound  pressure  level  with  the  suppressor  was  apprr  imately  20  dB  at  the 
19.1°  angular  position  and  the  smallest  reduction  from  the  plain  nozzle  occurred 
at  the  60°  location.  There  was  a  large  reduction  in  the  sound  pressure  level 
at  the  higher  angular  positions  for  both  types  of  nozzles  with  suppressor  as 
shown  in  Figure  VII.A-17A. 

The  comparison  of  the  sound  power  level  spectra  for  parallel  flow  and  con¬ 
vergent  nozzles  at  a  Mach  number  of  1.5  are  presented  in  Figure  VIT.A-17B  with 


and  without  the  suppressors.  Over  the  frequency  range  of  100  to  approximately 
4000  Hz  the  sound  power  level  for  the  convergent  nozzle  was  lower  than  that  for 
the  parallel  flow  nozzle.  But  at  higher  frequencies  the  sound  power  level 
increased  monotonically  from  4000  Hz  for  the  convergent  nozzle  while  the  power 
spectra  reached  a  plateau  for  the  parallel  flow  nozzle  and  began  to  decrease  for 
frequencies  greater  than  9000  Hz.  This  higher  power  level  spectra  for  the  con¬ 
vergent  nozzle  at  higher  frequencies  is  due  mainly  to  the  shock  noise  from  the 
shock  bottles  in  the  supersonic  region  of  the  jet.  With  the  addition  of  the 
58  in.  long  shroud  and  six  rods  to  the  two  types  of  nozzle,  the  sound  power 
level  spectra  were  decreased  appreciably  from  the  plain  jets.  The  sound  power 
level  spectra  for  the  parallel  nozzle  flow  with  the  shroud  and  rods  of  3/4  in. 
length  was  higher  by  nearly  a  constant  amount  over  the  frequency  range  from 
100  to  4000  Hz  than  that  for  the  convergent  nozzle  with  the  shroud  and  rod  length 
of  1/4  in.  The  greatest  difference  between  rhe  two  configurations  occurred  in 
the  range  of  1000  Hz  and  the  power  spectres  at  14,000  Hz  were  about  equal.  With 
this  type  of  suppressor  the  overall  sound  power  level  reductions  from  contoured 
and  convergent  nozzles  at  a  Mach  number  of  1.5  were  12.1  and  17.3  dB  respectively. 
For  the  same  reservoir  condition  and  throat  diameter  the  sound  power  level  for  the 
convergent  nozzle  was  3.1  dB  greater  than  the  parallel  flow  nozzle  but  with  the 
shroud,  six  rods,  and  induced  flow  the  overall  sound  power  level  was  2.1  dB  lower 
for  the  convergent  nozzle.  These  results  indicate  that  for  a  room  temperature 
jet  at  supersonic  Mach  numbers  it  is  possible  to  achieve  greater  noise  reduction 
with  the  convergent  nozzle  than  a  parallel  flow  nozzle.  Further  investigations 
should  be  conducted  to  obtain  additional  flow  and  acoustic  information  at  super¬ 
sonic  Mach  numbers  with  suppressors. 

The  summary  of  the  variation  of  the  overall  sound  power  level  with  rods, 
shroud,  and  induced  flow  for  parallel  flow  and  convergent  nozzles  at  a  jet  Mach 
number  of  1.5  is  presented  in  Figure  VII.A-17C.  With  the  parallel  flow  nozzle 
two  shrouds  of  4  and  6  in.  inside  diameter  and  respective  lengths  of  58  and 
36  in.  were  used  in  series  with  gaps  at  the  entrance  of  both  shrouds  to  permit 
ambient  air  to  enter  the  shrouds,  as  shown  in  Figure  VII.A-15A.  By  the  use 
of  the  second  larger  diameter  shroud  it  was  possible  to  induce  mass  flow  slightly 
larger  than  the  primary  jet  flow.  Without  the  six  rods  for  the  parallel  flow 


nozzle  the  overall  sound  power  level  reduction  was  5.9  dB  with  the  single  shroud 
at  an  induced  mass  flow  xatio  of  0.66  and  with  the  addition  of  the  second  shroud 
the  overall  sound  power  level  reduction  was  increased  to  9.4  dB  with  corresponding 
mass  flow  ratio  of  1.07.  When  six  rods  of  1/4  in.  length  were  inserted  into  the 
flow  from  the  parallel  nozzle  exit,  the  overall  sound  power  level  was  increased 
1.5  dB  from  that  of  the.  plain  jet  as  indicated  in  Table  VII. A- 3  and  Figure  VTI.A-17C 
But  with  the  addition  of  these  rods  to  the  58  in.  long  shroud  with  induced  flow, 
the  overall  power  level  reduction  was  12.1  which  was  6.2  dB  greater  than  for  the 
case  of  the  shroud  without  the  rods  as  shown  in  Figure  VII.A-17C,  at  approximately 
the  same  induced  mass  flow.  As  discussed  earlier,  the  main  difference  in  flow 
characteristics  for  these  two  cases  is  the  velocity  distribution  at  the  shroud 
exit.  Thus,  these  results  indicate  the  necessity  of  having  uniform  velocity 
distribution  across  the  shroud  exit  to  utilize  the  induced  flow  in  the  suppressor 
for  maximum  noise  reduction  of  the  plain  subsonic  and  supersonic  jets. 

With  the  addition  of  six  rods  of  1/4  in.  length  to  the  convergent  nozzle 
Figure  VII.A-14A,  the  overall  sound  power  level  was  decreased  5.7  dB  from  the 
plain  jet  at  a  Mach  number  of  1.5  as  shown  in  Table  VII. A-3  and  Figure  VTI.A-17C, 
while  with  the  parallel  flow  nozzle  the  rods  increased  the  sound  power  level. 

With  the  58  in.  long  shroud  and  gap  for  induced  flow,  and  no  rods,  the  ratio 
of  the  induced  mass  flow  to  the  primary  jet  flow  was  0.36  and  the  corresponding 
overall  power  level  reduction  from  the  plain  jet  wa»  11.2  dB  as  indicated  in 
Table  VII. A-3  and  Figure  VII.A-17C,  When  the  six  rods  of  1/4  in.  length  were 
added  to  this  suppressor  configuration,  the  induced  mass  flow  ratio  was  increased 
to  0.44  and  the  overall  power  level  reduction  was  increased  to  17.3  dB.  The 
difference  in  the  sound  power  level  reduction  between  the  configuration  without 
and  with  the  rods  is  6.1  dB,  which  is  about  the  difference  observed  with  the 
parallel  flow  nozzle  with  the  58  in.  long  shroud.  Thus,  for  both  types  of  primary 
nozzles  the  non-uniform  velocity  distribution  at  the  shroud  exit  with  induced 
flow  will  cause  appreciable  acoustic  production  over  that  of  the  uniform  velocity 
distribution  for  the  same  average  velocity. 
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VII. A. 5  REVERSE  SLOTTED  CONE  SUPPRESSORS 
Reverse  Slotted  Cones  and  Shroud 

The  primary  objectives  of  the  reverse  slotted  cone  suppressor  concept^’^ 
were  to  decrease  the  length  of  the  supersonic  region  for  a  suppressor  config¬ 
uration  which  is  simpler  than  the  multitubes  and  multishrouds  suppressor, 

Refs.  33  and  34.  Since  the  acoustic  radiation  from  the  supersonic  region  is 
nearly  75  percent  of  the  total  radiation  as  observed  experimentally  in  Refs.  1, 

4 

14,  28  and  shown  by  the  supersonic  jet  noise  theory  of  Nagamatsu  and  Horvay  , 
it  was  anticipated  that  by  making  the  supersonic  region  extremely  short  with 
multiple  slots  the  total  acoustic  power  from  the  supersonic  jets  should  be 
decreased. 


It  was  shown  in  Refs.  4  and  5  from  the  available  experimental  data  that 
the  supersonic  length  was  a  function  of  jet  Mach  number  and  the  jet  diameter, 

Eq.  (VII. A-2).  Thus,  for  a  given  pressure  ratio  of  3.2,  which  corresponds  to 
a  jet  Mach  number  of  1.4,  the  length  of  the  supersonic  region  downstream  of 
the  slot  is  a  function  of  the  slot  width  to  the  first  approximation.  With  this 
in  mind  the  slot  widths  for  the  60°  and  75°  cones  with  28  and  58  slots  respec¬ 
tively  were  selected  so  that  sonic  velocity  was  attained  at  the  cone  apex  in 
Refs.  10  and  11.  The  photograph  of  the  60°  reverse  slotted  cone  with  28  slots 
is  presented  in  Figure  VII.A-18A  and  a  sketch  of  the  cone  with  a  shroud  is 
presented  in  Figure  VII.A-18B.  For  these  cones  the  ratio  of  the  solid  surface 
to  the  slot  area  was  equal  to  3  in  order  to  permit  mixing  of  the  ambient  air 
with  the  primary  flow  emerging  from  the  slots.  The  area  of  the  slots  was 
equivalent  to  the  area  of  a  2  in.  diameter  convergent  nozzle.  Two  shrouds  of 
4.2  and  12  in.  lengths  with  inside  diameter  of  4  in.  were  used  with  the  reverse 
slotted  cones  as  shown  in  Figure  VII.A-18B. 

Flow  Characteristics 

Both  impact  pressure  and  total  temperature  surveys  were  conducted  across 
the  jet  downstream  of  the  reverse  slotted  cones  with  and  without  the  shroud 
and  along  the  axis  of  the  jet.  From  these  measurements  the  Mach  number, 
velocity,  density,  and  temperature  were  determined  and  are  presented  in  Ref.  11. 
The  Mach  number  profiles  across  the  jet  at  one  in.  downstream  of  the  apex  of 
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the  60®  and  75°  reverse  slotted  cones  are  presented  in  Figure  VII.A-18A.  At 
this  axial  location  from  the  apex  there  is  a  relatively  large  region  in  the 
vicinity  of  the  jet  axis  where  the  velocity  is  very  low.  For  the  60°  cone 
with  28  slots  and  75°  cone  with  58  slots,  where  both  of  these  cones  were 
designed  to  achieve  sonic  velocity  in  the  plane  of  the  cone  apex,  the  radial 
velocity  distributions  are  similar  with  a  slightly  higher  velocity  and  narrower 
jet  for  the  75°  cone.  When  the  number  of  slots  was  doubled  for  the  same  total 
slot  area  with  the  60°  reverse  slotted  cone  the  velocity  downstream  of  the  cone 
was  higher  and  the  jet  was  smaller  than  for  the  28  slots  configuration.  Also, 
for  the  56  slots  configuration  the  region  of  the  low  velocity  in  the  central 
portion  of  the  cone  was  much  greater  than  for  the  28  slots. 


The  axial  Mach  number  distributions  for  the  convergent  jet  at  a  Mach 
number  of  1.4  and  for  the  60°  and  75°  reverse  cones  with  slots  are  presented 
in  Figure  VII.A-18D.  For  the  plain  jet  with  a  throat  diameter  of  2  in.  the 
sonic  velocity  was  attained  on  the  axis  at  approximately  28  in.  form  the 
nozzle  exit.  Cut  with  the  slotted  reverse  cones  the  sonic  velocity  was  located 
close  to  the  cone  apex  and  consequently,  the  jet  velocity  downstream  of  the 
cone  was  subsonic  as  indicated  in  this  figure.  Also,  for  these  cones  the  wake 
regions  were  appreciable  over  the  central  portion  of  the  cone;  thus,  the  axial 
velocity  downstream  of  the  cone  apex  was  very  low  over  the  initial  distance 
and  increased  as  the  mixing  progressed  downstream.  After  this  initial  mixing 
portion  of  the  core  region  the  axial  velocity  remained  nearly  constant  for  a 
short  distance  before  decaying  like  a  fully  developed  subsonic  turbulent  jet 
as  shown  in  Refs.  1,  2,  24  and  25.  The  highest  axial  flow  Mach  number  of 
approximately  0.61  downstream  of  the  reverse  slotted  cone  occurred  with  the  75° 
cone  with  58  slots  and  the  lowest  flow  Mach  number  with  the  60°  cone  with  28 
slots.  These  results  with  the  reverse  slotted  cone  indicate  that  it  is  possible 
to  drastically  shorten  the  supersonic  region  and  decrease  the  Jet  velocity  h*< 
rapid  mixing  with  the  ambient  air  because  of  the  large  jet  surface  exposed  for 
the  mixing  to  occur. 


By  the  use  of  the  piezoelectric  impact  pressure  probe,  the  distributions 
of  the  axial  impact  pressure  fluctuations  were  determined  for  the  60°  and  75° 
reverse  slotted  cones  and  the  results  are  presented  in  Figure  V11.A-18K.  The 
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highest  rras  piezoelectric  pressure  fluctuations  was  approximately  1  mv  for  the 
75°  cone  and  was  located  at  approximately  30  in.  from  the  cone  apex.  For  the 
60°  cone  with  56  slots  the  peak  piezoelelectric  pressure  fluctuations  was 
slightly  lower  than  for  the  75°  cone  but  the  axial  location  of  the  peak  was 
about  the  same.  The  lowest  rms  peak  pressure  fluctuations  was  for  the  60° 
cone  with  28  slots  but  this  peak  was  located  close  to  40  in.  from  the  cone  apex. 

It  is  interesting  to  note  that  the  piezoelectric  impact  pressure  fluctuations 
downstream  of  the  peak  value  decreased  with  distance  similarly  for  these  reverse 
slotted  cones.  This  type  of  decrease  has  been  observed  for  the  fully  developed 
turbulent  subsonic  jet  decay  in  Refs.  1  and  2. 

The  base  pressures  on  the  central  part  of  the  solid  portion  were  determined 
for  the  60°  and  75°  reverse  slotted  cones  as  shown  ir.  Figure  VII.A-18F  for  a 
nozzle  pressure  ratio  of  3.2.  For  these  cones  the  lowest  base  pressures 
existed  close  to  the  outer  region  of  the  cone.  With  the  60°  cone  with  56  slots 
the  ratio  of  the  base  pressure  to  the  ambient  pressure  was  approximately  0.54 
at  a  radial  position  of  0.18  in.  from  the  outer  edge.  After  the  minimum 
pressures  for  these  cones  the  base  pressure  increases  towards  the  axis  and  at 
the  cone  apex  the  base  pressure  ratio  was  approximately  0.9  for  these  cones. 

Since  the  velocities  over  the  central  region  of  these  reverse  slotted  cones 
t  were  very  low,  the  pressure  in  this  wake  region  approached  the  ambient  pressure. 

>  The  base  pressures  for  the  reverse  slotted  cones  can  be  increased  by  increasing 

the  ratio  of  the  solid  conical  area  to  the  total  slot  area  from  3  to  a  higher 
value,  and  thus,  there  will  be  more  solid  surface  over  which  the  ambient  air 
can  reach  the  interior  of  the  reverse  slotted  cone  surface. 

Acoustic  Characteristics 

From  the  microphone  measurements  at  eight  angular  positions  on  a  10-ft. 
radius  from  the  jet  axis,  the  overall  sound  pressure  levels  were  determined 
in  Ref.  *1  and  are  presented  in  Figure  VI1.A-18G  for  the  reverse  slotted  cone 
with  and  without  the  shrouds.  Without  the  shroud  the  60°  reverse  slotted  cone 
with  28  slots  had  the  highest  overall  sound  pressure  levels  with  approximately 
15  dii  reduction  from  the  plain  Mach  1.4  jet  at  the  19.1°  position.  The  reduction 
was  approximately  3  dB  at  Che  60°  position  with  a  greater  reduction  at  larger 
I  angular  positions.  The  variations  of  the  overall  sound  pressure  level  with  the 


angular  position  were  quite  similar  for  the  three  reverse  slotted  cones.  For 
the  60°  cone  with  56  slots  and  75°  cone  with  58  slots  the  overall  sound  pressure 
levels  were  quite  close  as  indicated  in  thi9  figure.  The  addition  of  the  short 
shroud,  ^  to  the  reverse  slotted  cones  increased  slightly  the  overall  sound 
pressure  levels  from  the  case  without  the  shroud.  But  the  addition  of  the 
longer  shroud,  to  the  75°  cone  decreased  the  sound  pressure  'levels  for  all 

angular  positions  from  that  existing  with  the  cone  alone.  Even  with  the  shrouds 
the  highest  sound  pressure  levels  occurred  at  the  60°  position  from  the  jet  axis. 


The  overall  sound  power  levels  for  the  convergent  nozzle  at  a  Mach  number 
of  1.4  and  for  reverse  slotted  cones  with  and  without  the  shrouds  are  pre¬ 
sented  in  Table  VII.A-4.  The  corresponding  power  spectra  are  shown  in  Figure 
VII.A-18H  together  with  the  spectra  for  a  plain  Jet  at  a  Mach  number  of  0.85 
for  comparison  purposes.  For  the  60°  cone  with  28  slots  the  overall  sound 
power  level  reduction  from  a  plain  jet  at  a  Mach  number  of  1.4  was  6.7  dB,  and 
with  56  slots  the  sound  power  level  reduction  was  increased  to  12.4  dB  as  shown 
in  Table  VII.A-4  and  Figure  VII.A-18H.  The  power  levels  for  this  latter 
configuration  were  lower  at  all  frequencies  than  that  existing  for  the  plain 
jet  with  the  largest  reduction  of  approximately  14  dB  occurring  at  about 

5000  Hz,  The  addition  of  the  short  shroud,  S.  to  this  60^  cone  with  56  slots 

4.2 

increased  the  power  spectra  slightly  over  most  of  the  frequency  range  compared 
to  the  case  without  the  shroud  and  the  overall  sound  power  level  reduction  from 
the  plain  jet  was  decreased  to  10.2  dB. 

For  the  75°  reverse  slotted  cone  with  58  slots  the  sound  power  level 
spectra  was  very  close  to  that  for  the  60°  cone  with  56  slots  over  the  lower 
frequency  range  to  500  Hz  and  from  this  frequency  to  10,000  Hz  the  power 
spectra  was  slightly  lower  with  the  greatest  difference  occurring  at  approxi¬ 
mately  3500  Hz.  For  frequencies  higher  than  10,000  Hz  the  sound  power  levels 
for  the  75°  cone  with  58  slots  was  12.5  dB  and  the  reductions  were  12.0  and 
14.3  dB  with  the  short  ^  and  longer  shroud  respectively  as  presented 
in  Table  VII.A-4  and  Figure  VII.A-18H.  The  addition  of  the  longer  shroud  to 
the  75°  cone  decreased  the  power  levels  from  the  case  without  the  shroud  at 
the  higher  frequencies  and  increased  the  overall  power  level  reduction  by 
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For  both  the  60°  and  75°  reverse  slotted  cones  the  sound  power  level 
spectra  are  higher  than  that  for  the  plain  jet  at  a  Mach  number  of  0,85  as 
shown  in  Figure  VII.A-18H.  At  a  frequency  of  about  1000  Hz  the  difference  is 
only  about  4  dB  but  at  higher  frequencies  the  differences  are  much  greater, 
becoming  nearly  15  dB  at  10  KHz.  Since  the  velocities  downstream  of  the 
reverse  slotted  cones  are  low  as  indicated  in  Figure  VII.A-18D,  the  sound 
power  levels  being  higher  than  the  Mach  0.85  plain  jet  for  frequencies  higher 
than  1  KHz  would  indicate  that  the  noise  from  the  supersonic  regions  from  the 
slot  exits  is  contributing  to  this  difference.  Further  investigations  will  be 
conducted  to  resolve  the  noise  generation  from  reverse  slotted  cone  suppressors 
and  to  achieve  greater  noise  level  reduction  from  supersonic  jets. 


VII. A. 6  MULTITUBES  AND  MULTISHROUDS  SUPPRESSORS 

191  Tubes,  191  Shroud,  and  Single  Shroud 

Since  the  investigation  of  a  single  long  shroud  with  supersonic  jets 

indicated  a  large  reduction  of  17  dB  in  the  overall  sound  power  level  from  a 

Mach  1.4  jet.  Refs.  6,  8,  13,  it  was  decided  to  study  similar  phenomena  with 
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multitubes  and  multishrouds  *  .  With  the  multitubes  in  place  of  a  single 

noz2le,  the  length  of  the  supersonic  region  is  decreased  for  a  given  supersonic 

pressure  ratio  across  the  nozzle  as  shown  by  Equation  (VII. A-2)  and  Refs.  4 

and  5.  As  a  first  approximation  the  reduction  in  the  supersonic  region  is 

related  directly  to  the  diameter  of  the  tube;  thus,  by  decreasing  the  single 

equivalent  nozzle  diameter  of  1-9/16  in.  to  191  tubes  of  0.115  in.  inside 

diameter,  the  length  of  the  supersonic  region  should  decrease  by  a  factor  of 

approximately  15.  The  supersonic  region  where  most  of  the  acoustic  radiation 

is  generated,  as  shown  in  Refs.  1  and  28,  and  by  the  supersonic  jet  noise  theory 

4 

of  Nagamatsu  and  Horvay  ,  is  drastically  decreased  by  Che  use  ot  the  multitubes. 
Also,  the  multitube  configuration  exposes  greater  surface  area  for  the  ambient 
air  to  be  induced  and  mixed  with  the  primary  jet  than  with  the  single  nozzle 
and  shroud. 


The  second  objective  of  the  multitube  suppressor  concept  was  to  determine 
the  effectiveness  of  die  multishrouds  placed  at  the  exits  of  each  individual 
tube  for  reducing  the  overall  sound  power  level  from  supersonic  and  subsouie 


jets  The  shroud  bundle  consisted  of  191  hexagonal  passages  with  a  maximum 
dimension  across  the  hexagonal  of  0.31  in.  For  this  initial  investigation 
the  shroud  length  was  6  in.  and  the  191  tubes  were  located  so  that  each  tube 
was  centered  within  each  hexagonal  passage  of  the  191  shroud  bundle,  as  shown 
in  Figures  VXI.A-19A  and  B.  The  length  of  the  191  tubes  was  selected  to  be 
2  in.  so  as  to  permit  adequate  space  for  the  ambient  air  to  mix  with  the  jets 
and  to  enter  the  multishrouds  and  single  shroud  as  shown  in  Figure  VI1.A-19B. 

A  derailed  discussion  of  the  model,  flow,  and  acoustic  results  with  the  191 
tube  suppressor  is  presented  in  Ref.  33  and  some  of  the  main  results  will  be 
summarized  in  this  report. 

o  Flow  Characteristics 

From  the  impact  pressure  and  total  temperature  probe  measurements,  the 
local  flow  Mach  number,  velocity,  temperature,  and  density  were  determined  at 
various  radial  and  axial  locations  from  the  jet  or  shroud  exits.  For  these 
Investigations  the  pressure  ratio  across  the  nozzle  and  tubes  was  3.2,  which 
corresponds  to  a  nominal  Mach  number  of  1.4.  Radial  Mach  number  distributions 
across  the  exits  of  the  muleitubes,  multishrouds,  and  single  shroud  are 
presented  in  Figure  VII.A-19C.  At  an  axial  distance  of  1  in.  from  the  191 
tube  exits,  the  Mach  number  is  not  constant  but  varies  across  the  tube  bundle 
with  the  highest  Mach  number  existing  downstream  of  the  tube  axis,  and  the 
velocity  is  lower  towards  the  outer  edge  of  the  tube  bundle.  For  the  191 
shrouds  of  1.667  and  3.335  in.  lengths,  the  velocity  at  the  shroud  exits  were 
subsonic  with  greater  variations  in  the  Mach  number  for  the  shorter  shrouds. 

The  addition  of  single  shrouds  of  lengths  3.8  in.,  g,  and  12  in.,  to 

the  multitubes  made  the  Mach  number  across  the  shroud  exit  quite  uniform  at 
Mach  numbers  of  approximately  0.7  and  0.67  respectively,  and  these  Mach  numbers 
are  slightly  higher  chan  for  the  191  shrouds. 

In  Figure  VII.A-19D  the  axial  Mach  number  distributions  for  the  plain 
convergent  nozzle  and  multitubes  with  and  without  shrouds  are  presented  for 
a  jet  Mach  number  of  1.4.  For  the  equivalent  single  convergent  nozzle  of 
1-9/16  in.  diameter,  Che  supersonic  region  extends  to  approximately  19  in. 
from  the  nozzle  exit.  With  the  191  tubes  of  0.115  in.  inside  diameter,  the 
flow  became  sonic  at  approximately  1  in.  downstream  of  the  tube  exit.  This 


is  the  distance  expected  because  of  the  small  tube  diameter  compared  to  the 
equivalent  single  nozzle  diameter  of  l-9/16in.  Once  the  jets  from  the  191 
tubes  had  merged  the  velocity  on  the  axis  was  nearly  constant  at  a  Mach  number 
of  0.72  for  a  distance  of  approximately  17  in.  from  the  tube  exits  before 
decreasing  like  a  subsonic  jet.  Thus,  the  merged  jet  flow  behaves  like  a  sub¬ 
sonic  jet  with  a  larger  diameter. 

With  the  siugle  shroud  of  short  length,  S,  Q,  Figure  VtI.A-t9f),  the  Mach 
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number  on  the  axis  was  approximately  0.7  and  remained  nearly  constant  for  a 
distance  of  approximately  12  in.  before  decreasing  like  a  subsonic  fully 
developed  turbulent  jet.  For  the  191  multishrouds  of  1.667  in.  length  located 
with  the  entrance  to  the  shrouds  3/16  in.  upstream  of  the  191  tube  exits,  the 
velocity  at  the  shroud  exits  decreased  rapidly  over  the  initial  distance  of 
2  in.  Downstream  of  this  location  the  flow  Mach  number  on  the  axis  was 
tpproximately  0.6  for  a  distance  of  12  in.  before  decreasing  with  distance. 

For  the  multishroud  lengths  of  3.335  and  6.0  in.  the  nearly  constant  flow 
Mach  numbers  on  the  axis  were  close  to  that  for  the  shrouds  of  1.66?  in. 
length.  But  Che  decay  of  the  flow  velocity  on  the  axis  with  distance  was 
greatest  with  the  3.335  in.  shroud  length  and  the  velocity  decay  for  the  6  in. 
shroud  length  was  less  than  for  the  3.335  in.  long  shroud  but  greater  than  the 
shortest  shroud  length.  Ibis  more  rapid  decay  with  the  3.135  and  6.0  in. 
multishroud  length  could  be  due  to  the  viscous  effects  along  the  inside  surfaces 
of  the  multishrouds. 

Besides  the  impact  pressure  and  total  temperature  measurements  along  the 
jet  axis,  piezoelectric  impact  pressure  fluctuations  were  determined  along  the 
axis  for  various  suppressor  configurations  and  the  results  are  presented  in 
Figure  VU.A-196.  The  peak  rms  pressure  fluctuation  of  approximately  4  mv 
occurred  at  a  distance  of  18  in,  from  the  plain  convergent  nozzle  exit  for  a 
jet  Mach  number  of  1.4.  This  location  was  slightly  ahead  of  the  sonic  location 
as  indicated  in  Figure  VII.A-19D.  With  the  191  tubes  the  peak  piezoelectric 
pressure  fluctuations*  occurred  at  approximately  26  in.  from  the  tube  exit  and 
the  pettk  value  was  close  to  1.0  wv,  which  is  much  less  than  for  the  equivalent 
single  convergent  nozzle. 


When  the  single  shroud,  S,  was  placed  with  the  entrance  of  the  shroud 
at  the  multitube  exits,  the  location  of  the  peak  piezoelectric  pressure 
fluctuations  was  slightly  upstream  of  the  191  tube  location  but  the  magnitude 
of  the  peak  rms  value  was  close  to  that  of  the  multitubes  as  indicated  in 
Figure  VI1.A-19E.  Since  the  velocity  began  to  decrease  closer  to  the  shroud 
exit  than  for  the  multitubes.  Figure  VH.A-19U,  the  location  of  the  peak 
pressure  fluctuations  was  also  closer  to  the  shroud  exit.  The  location  of  the 
peak  pressure  fluctuations  and  the  magnitude  for  the  multishroud  of  1.66?  in, 
was  close  to  chat  of  the  multi  cubes  and  with  single  shroud.  For  the  multi- 

shroud  lengths  of  3.335  and  6.0  in.  the  peak  piezoelectric  pressure  fluctua¬ 

tions  were  approximately  0.6  mv  but  the  peak  for  the  3.335  in.  length  was 
located  slightly  ahead  of  the  6.0  in.  length.  For  all  of  the  suppressor 
configurations  and  Che  plain  convergent  nozzle,  the  decay  in  the  piezoelectric 
pressure  fluctuations  with  distance  downstream  of  the  peak  values  had  nearly 
the  same  slope  as  indicated  in  Figure  VII..V-19E,  This  type  at  decay  of  th© 
piezoelectric  impact  pressure  fluctuations  was  observed  for  both  subsonic  and 
supersonic  jets  in  Refs.  1,  2,  and  8. 

The  base  pressure  distributions  for  the  191  tubes  with  multishrouds  of 
various  lengths  and  single  shroud  are  presented  in  Figure  VII.A-19P.  With  the 
191  tubes  alone  the  base  pressure  ar,  the  jet  axis  was  0.991  of  the  ambient 
pressure  and  the  pressure  increased  towards  the  outer  edge  of  the  base  plate. 

For  this  191  tube  configuration  the  ratio  of  the  base  area  of  the  tube  bundle 

to  the  total  inside  area  of  th©  tubes  was  4.72.  And  also,  the  ratio  of  the 
ventilation  area  of  the  tube  bundle  to  the  tube  total  area  was  11.86.  Thus, 
there  was  a  large  area  over  which  the  outside  air  could  enter  the  tub©  bundle 
so  that  the  base  pressure  remained  close  to  the  ambient  pressure. 

The  lowest  haae  pressure  of  approximately  0.971  of  the  ambient  pressure 
was  obtained  with  the  shortest  multishreud  length  of  1.667  in.  and  the  base 
pressure  distribution  increased  with  the  muitishroud  length.  These  results 
indicate  that  the  amount  of  induced  air  decreased  with  the  muitishroud  length 
because  or  th©  boundary  layer  growth  inside  each  shroud  passage.  8y  the 
addition  of  the  single  shroud,  g,  to  the  i9i  tubes,  th©  base  pressure 
distribution  was  close  to  that  of  the  multishroud  of  335  in.  length,  because 


-.n  the  large  area  ratios  for  the  base  plate  and  the  ventilation  area  to  that 
of  the  total  tube  area,  the  base  pressures  for  all  of  the  configurations  with 
the  191  tubes  were  very  close  to  the  ambient  pressure. 

o  Acoustic  Characteristics  and  thrust  Loss 

From  the  microphone  measurements  at  eight  angular  locations  on  a  10- ft . 
radius  from  the  exit  of  the  jet,  the  overall  sound  pressure  level  distributions 
for  various  configurations  were  determined  in  Ref.  33  and  the  results  are  pre¬ 
sented  in  Figure  vn.A^WC.  In  this  figure  the  sound  pressure  level  distribution 
for  the  plain  convergent  jet  at  a  Mach  number  of  1.4  is  presented  for  comparison 
purposes  with  Che  191  tubes  with  and  without  shrouds.  At  the  19.1*  angular 
position  Eire  sound  pressure  level  with  the  oultitubes  was  decreased  approximately 
18  dB  from  that  existing  for  the  plain  jet.  The  smallest  reduction  of  12  dB 
occurred  at  the  43.8*  location  and  at  the  largest  angular  position  of  146.4* 
the  reduction  was  approximately  20  dB. 

The  addition  of  1.66?  in.  long  multishrouds  to  the  exit  of  the  191  tubes 
lowered  the  overall  sound  pressure  level  from  that  of  the  191  tubes  over  the 
initial  angular  locations  from  19.1*  to  60*  and  for  higher  angular  locations 
the  sound  pressure  levels  were  about  the  same  as  shown  in  Figure  VH.A-19T.. 

The  lowest  overall  sound  pressure  level  distribution  was  obtained  with  the 
6  in.  long  muttishroud  and  at  the  19. i‘  location  the  pressure  level  was  nearly 
26  dB  lower  than  that  for  the  plain  jet.  The  reduction  decreased  to  1?  dB  at 
the  43.8*  location  and  the  reduction  increased  to  24  d§  at  the  146.4“  location. 
With  the  3.13S  in.  long  mulcishroyd  the  overall  sound  pressuie  levels  were 
slightly  higher  than  for  the  6  in.  long  multishroud  except  at  the  43.8° 
location.  Vith  the  single  shroud,  g,  the  overall  sound  pressure  levels 
were  very  close  to  that  for  the  sultitubes  with  slightly  higher  pressure  levels 
over  the  angular  positions  of  80®  to  146. 49.  This  say  be  due  primarily  to  the 
noise  radiated  free  the  single  shroud  entrance  region. 

Sound  power  level  spectra  for  sultltuhes  with  and  without  shrouds  and  for 
a  1-9/16  in.  diameter  convergent  nesaie  at  a  Mach  number  of  1.4  are  presented 
in  Figure  VI1.A-19H,  for  a  pressure  ratio  of  3.2.  tfith  the  191  tubes  of  2  in. 
length  Els  overall  sound  power  level  was  decreased  13.2  d*  from  that  of  the 
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plain  jet.  In  Table  VII. A-5  the  overall  sound  power  levels  are  presented  for 
the  Various  suppressor  configurations  and  the  plain  jet  obtained  at  different 
outside  air  temperature  conditions.  The  overall  sound  power  levels  for  the 
plain  jet  at  a  Mach  number  of  1.4  increased  with  the  decrease  in  the  ambient 
air  temperature  as  discussed  in  Reference  8,  but  the  reductions  in  the  overall 
sound  power  levels  from  the  plain  jet  with  the  various  suppressor  configurations 
were  about  the  same  to  within  the  experimental  accuracy  as  indicated  in 
Table  VII. A-5.  Over  the  frequency  range  that  was  investigated  the  sound  power 
levels  for  the  multitubes  were  lower  than  that  for  the  plain  jet  and  the 
greatest  reduction  of  approximately  25  dB  occurred  at  about  4000  Hz. 

When  the  1.667  in.  multishroud  was  placed  with  the  entrance  of  the  shroud 
located  3/16  in.  upstream  of  the  tube  exits,  the  sound  power  levels  were  lower 
than  the  multitubes  over  the  frequency  range  up  to  about  3500  Hz  and  for  higher 
frequencies  the  power  levels  were  greater  than  the  multitubes  as  shown  in 
Figure  VII.A-19H.  and  the  overall  sound  power  level  reduction  from  the  plain 
convergent  jet  was  15.5  dB  as  indicated  in  Table  VII. A-5,  which  is  cnly 
slightly  greater  than  for  the  multitubes  alone.  By  increasing  the  multishroud 
length  to  3.335  in.  the  overall  sound  power  level  reduction  from  the  plain 
jet  was  increased  to  19.0  dB,  which  is  3.5  dB  greater  reduction  than  the 
1.667  in.  multishroud,  and  the  sound  power  levels  were  lower  over  the  entire 
frequency  range.  With  the  multishroud  length  increased  to  6  in.  the  overall 
sound  power  level  reduction  from  the  plain  jet  increased  to  20.4  dB  as 
presented  in  Table  VII. A-5,  which  is  an  increase  of  5.2  dB  from  that  observed 
with  the  multitubes  alone.  For  this  longest  multishroud  the  overall  sound 
power  level  at  3500  Hz  was  approximately  30  dB  less  than  that  for  the  plain 
jet.  Even  at  16,000  Hz  the  sound  power  level  was  nearly  20  dB  lower  than  for 
the  plain  jet. 

With  the  single  shroud  located  at  the  exit  of  the  multitubes  the  sound 
power  levels  were  slightly  higher  than  the  multitubes  for  the  frequency  range 
of  1000  to  5000  Hz  and  at  higher  frequencies  the  power  levels  were  slightly 
lower  as  indicated  in  Figure  VII.A-19H.  The  overall  sound  power  level  reduction 
was  13.7  dB  from  that  of  the  plain  jet,  which  is  less  reduction  than  the  multi- 
tubes  alone.  These  results  with  the  multishroud  and  single  shroud  indicate 
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the  importance  of  the  types  of  shroud  to  be  used  in  conjunction  with  the 
multitubes  in  order  to  obtain  large  noise  reduction  from  supersonic  jets.  Tn 
a  later  section  the  acoustic  analysis  of  the  multitube  suppressor  will  be 
presented  to  indicate  the  suppression  phenomena  of  supersonic  jets. 

The  variation  of  the  overall  sound  power  level  reduction  and  the  percent¬ 
age  thrust  loss  for  191  tubes  with  191  shrouds  of  different  lengths  are 
presented  in  Figure  VII.A-19I.  A  thrust  measuring  device  to  determine  the 
change  in  the  thrust  with  various  suppressor  configurations  was  developed  as 
discussed  in  Ref.  33.  In  this  reference  the  base  drag  was  calculated  from  t he* 
measured  base  pressure  and  the  thrust  loss  due  to  the  friction  drag  In  the 
multitubes  and  multishrouds  was  calculated  for  the  various  shroud  lengths.  The 
calculated  thrust  losses  for  the  various  shroud  configurations  were  correlated 
with  the  measured  thrust  losses  and  the  agreement  was  reasonably  good.  For  the 
multitubes  the  calculated  thrust  loss  due  to  the  base  drag  of  2.0  percent  and 
the  frictional  drag  inside  the  191  tubes  of  7.2  percent  was  9.2  percent  while 
the  measured  thrust  loss  was  10.2  percent.  The  corresponding  overall  sound 
power  level  reduction  was  15.2  dB,  as  presented  in  Table  VII.A-5  and  Figure 
VIT.A-19I,  which  corresponds  to  1.49  dB  noise  reduction  per  one  percent  measured 
thrust  loss.  The  large  frictional  thrust  loss  for  the  191  tubes  of  2  in.  length 
is  due  mainly  to  the  large  wetted  surface  for  this  number  of  tubes  and  by  using 

a  smaller  number  of  tubes  this  thrust  loss  can  be  decreased  as  observed  with 
34 

50  tubes  ,  which  will  be  discussed  in  the  next  part  of  this  report. 

With  the  addition  of  the  1.667  in.  multishrouds  to  the  multi  tubes,  the 
thrust  loss  due  to  base  drag  was  Increased  to  5.0  percent  while  the  tube  drag 
loss  remained  at  7.2  percent  and  the  thrust  loss  of  the  multishrouds  was  5.9 
percent  making  the  total  calculated  thrust  loss  18.1  percent  while  the  measured 
thrust  loss  was  16.8  percent.  For  this  multishroud  length  the  overall  sound 
power  level  reduction  was  15.5  dB,  Table  VII.A-5,  which  is  only  a  0.3  dB 
greater  reduction  with  a  6.6  percent  higher  thrust  loss  than  for  the  multi¬ 
tubes.  For  longer  multishroud  lengths  of  3.335  and  6.0  in.  the  shroud 
frictional  drag  increased  so  that  the  thrust  losses  due  to  friction  were 
8.6  and  11.5  percent  respectively.  But  with  the  6.0  in.  multishrouds  the 
base  drag  thrust  loss  was  only  2.11  percent  while  that  for  the  3.335  in. 
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raultishroud  was  4.41  percent  and  the  total  calculated  thrust  losses  for  these 
two  shrouds  were  20.8  and  20.2  percent  respectively  while  the  measured  thrust 
loss  was  26 . 7  percent  for  both  lengths.  The  overall  sound  power  level 
reductions  and  thrust  losses  for  these  multishrouds  are  presented  in  Table 
VII. A-5  and  Figure  VI1.A-19I.  because  oe  the  large  wetted  area  for  the  longer 
multshroud  losses,  the  frictional  drag  contributes  to  most  of  the  thrust  loss 
for  these  configurations.  If  Che  thrust  loss  is  not  too  critical  the  multi¬ 
tubes  with  rauitishrouds  are  very  effective  in  reducing  a  Mach  1.4  Jet  by 
20.4  dH. 

SO  Tubes,  50  Shrouds,  and  Single  Shroud 

Since  the  single  long  shroud  and  191  tubes  and  191  shrouds  were  effective 
in  decreasing  the  overall  sound  power  levels  for  a  Mach  1.4  jet  by  15  and 
21  dii  respectively  as  discussed  in  Ref.  33,  an  investigation  was  conducted  to 
determine  whether  50  tubes  of  various  lengths  and  with  50  shrouds  are  as  effec¬ 
tive  as  the  191  tube  suppressor  in  reducing  the  noise  from  a  Mach  1.4  jet. 

With  the  smaller  number  of  tubes  the  nuiititube  and  multishroud  suppressor  con¬ 
cept  is  more  practical  to  he  used  as  a  supersonic  jet  exhaust  noise  silencer. 

In  Refs.  18  and  21  a  greater  number  of  tubes  were  investigated  as  a  jet  exhaust 
noise  suppressor. 

Also,  it  was  desired  to  obtain  information  regarding  the  effect  of  the 
length  of  the  50  tubes,  cf.  Figures  VII.A-20A  and  ft,  on  the  reduction  of  the 
noise  level.  The  inside  diameter  of  the  tubes  was  0.230  in.  and  the  total 
area  of  the  tubes  was  equal  to  a  convergent  noar.le  with  an  exit  diameter  of 
1-9/16  in.,  like  the  191  tube  suppressor,  it  was  also  desired  to  obtain 
information  regarding  the  effect  of  the  ratio  of  the  base  area  to  the  total 
tube  area  so  this  ratio  wan  decreased  to  3.0,  which  again  is  more  practical 
than  the  191  tube  eonf iguraeion.  The  tube  length  was  varied  from  0  to  4  in. 
as  shown  in  Figure  V11.A-2QA.  For  the  50  shrouds  of  6  in.  length  the  cross 
section  was  hexagonal  and  each  tube  *-xit  was  placed  3/8  in.  inside  the  entrance 
to  the  shroud.  Sesides  the  multiahrouds  a  single  shroud,  S  .  ,  with  an  inside 
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diameter  of  3.16  in.  and  a  length  of  3.16  in.  was  used  with  the  multitubes. 
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Flow  Characteristics 


Impact  pressure  and  total  temperature  surveys  were  conducted  in  the  radial 
direction  in  the  vicinity  of  the  tube  and  shroud  exits  and  along  the  center 
line  in  the  axial  direction  and  some  of  the  representative  results  obtained 
in  Ref.  34  are  presented  in  Figures  VTI.A-20C  through  20K.  Immediately  down- 
stveau  of  the  tube  exits  for  tube  lengths  of  0  to  4  in.  the  Mach  number  distri¬ 
butions  in  the  radial  direction  were  determined  and  are  presented  in  Figure 
VII.A-20C.  At  the  center  of  each  tube  exit  the  flow  Mach  number  for  ail  tube 
lengths  was  about  the  same  with  a  slightly  lower  Mach  number  for  the  4  in. 
long  tube  because  of  the  greater  viscous  effects.  Between  the  tube  locations 
the  flow  Mach  number  was  close  to  zero  except  for  the  4  in.  long  tubes. 

Similar  Mach  number  profiles  across  the  exits  of  the  6  in.  long  multishroud 
and  single  shroud  are  presented  in  Figure  VI1.A-20D  for  a  tube  length  of  2  in. 
At  the  shroud  exits  the  Mach  number  varied  from  approximately  0.8  to  1.05  at 
the  axis  of  the  shroud.  With  the  single  shroud,  S  ^  ^ ^ ,  the  velocity  at  the 
shroud  exit  was  higher  than  with  the  multishrouds.  The  radial  Mach  number 
distributions  tor  other  tube  lengths  were  similar  to  that  observed  for  the 
2  in.  length  as  discussed  In  Ref.  34. 

In  Figure  VH.A-20E  the  axial  Mach  number  distributions  for  50  tubes  with 
and  without  shrouds  are  presented  for  a  tube  length  of  2  in.  Because  of  the 
spacing  between  the  tubes  and  the  ratio  of  the  base  area  to  the  tube  area  of 
1.0,  the  Maeh  number  of  the  merged  jets  was  close  to  sonic  for  a  pressure  ratio 
of  3.2.  And  the  axial  velocity  remained  nearly  constant  to  the  13  in.  location 
before  decreasing  which  la  characteristic  of  a  subsonic  jet  as  observed  In 
Refs.  I  and  2.  Thus,  the  merged  jet  behaves  UR*  a  uniform  subsonic  jet  of 
larger  diameter  than  the  equivalent  l-D/lb  in.  diameter  convergent  jet.  so  the 
mixing  of  the  multiple  lets  with  the  ambient  air  is  verv  effective  for  both  l«H 
and  SO  tube  con? iguratious. 

With  the  6  in.  long  50  shrouds,  the  axial  flow  Mach  number  was  approxi¬ 
mately  0.6>4,  and  the  velocity  remained  nearly  constant  for  approximately  14  in. 
downstream  of  the  shroud  exits  before  decreasing,  the  mixing  of  the  ambient 
air  with  the  supersonic  jets  within  the  b  in.  long  sultishmuds  was  effective 


in  decreasing  Che  supersonic  jet  Mach  number  of  1.4  to  0.84.  Besides  permitting 

the  momentum  exchange  within  the  shrouds,  the  multishrouds  prevented  the 

direct  acoustic  radiation  from  the  supersonic  "egion  of  the  jet  to  the 
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outside  *  ,  With  the  single  shroud  of  3.16  in.  inside  diameter,  Figure 
VII.A-20B,  the  axial  velocity  downstream  of  the  shroud  exit  was  approximately 
0.97  and  remained  nearly  constant  for  about  13  in.  before  decreasing.  As  shown 
in  the  previous  figure  the  radial  Mach  number  distribution  was  not  as  uniform 
as  observed  with  the  50  tube  and  50  shroud  com Igurat ions. 

The  axial  variations  of  the  piezoelectric  impact  pressure  fluctuations 
were  determined  in  Ref.  34  for  the  various  tube  lengths  with  and  without  shrouds 
and  the  results  for  the  2  in.  long  tubes  are  presented  In  Figure  VII.A-20F.  In 
this  figure  the  impact  pressure  fluctuations  for  a  t-9/16  In.  convergent  nozzle 
at  a  Mach  number  of  1.4  are  presented  for  comparison  purposes.  With  this  nozzle 
the  rtns  peak  value  for  the  pressure  fluctuations  was  approximately  4  mv  and  was 
located  just  ahead  of  the  sonic  point.  With  the  50  tubes  the  peak  pressure 
fluctuation  was  slightly  less  chan  2  mv  and  the  location  of  the  peal  was  farther 
downstream  than  for  the  plain  Jet.  With  the  addition  of  the  6  In.  long 
multishrouds  to  the  50  tubes,  the  peak  rms  value  of  the  pressure  fluctuations 
was  decreased  to  approximately  1.6  mv.  But  with  the  use  of  the  single  shroud 
with  the  tubes  the  peak  pressure  fluctuation  was  approximately  2  mv.  For  all 
of  these  tube  and  shroud  configurations  and  lueluding  the  plain  jet.  the  vari¬ 
ations  of  the  piezoelectric  impact  pressure  fluctuations  downstream  of  the 
location  for  the  peak  pressure  fluctuation  were  similar  and  decreased  approxi¬ 
mately  as  x  as  observed  in  Refs.  1  and  2  for  the  decay  of  fully  developed 

subsonic  turbulent  jets. 

The  base  pressure  distributions  for  various  50  tube  lengths  and  shroud 
arrangements  were  determined  in  Ref.  34  for  a  pressure  ratio  of  3.2  and  the 
results  are  presented  in  Figure  Vll.A-2£Kl.  For  the  tubes  alone  the  lowest 
base  pressure  existed  for  the  174  in.  tube  length.  The  single  shroud  with  tube 
length  of  0,  which  corresponds  to  a  base  plate  with  holes  as  shewn  in  Figure 
VU.A-2GA.  produced  tie*  lowest  base  pressures.  As  the  tube  lengths  were  increased 
the  base  pressure  increased  and  was  close  to  the  ambient  value  for  the  4  in.  long 
tubes.  The  addition  of  the  mult ishrouds  to  the  tubes  decre-.^ed  the  base  pressure 


compared  to  the  tubes  alone*  but  again  for  the  longer  tubes  the  base  pressure 
approached  the  ambient  pressure  because  of  the  large  area  for  the  ambient  air 
to  enter  the  multishrouds. 

o  Acoustic  Characteristics  and  Thrust  Loss 

The  overall  sound  pressure  levels  as  a  function  of  angular  position  from 
the  jet  axis  for  the  50  tubes  with  and  without  shrouds  and  for  a  convergent 
nozzle  were  determined  in  Ref.  34  and  the  results  for  a  tube  length  of  ?.  In. 
are  presented  for  a  Mach  1.4  flow  condition  in  Figure  VH.A-20H.  For  the  plain 
jet  the  overall  sound  pressure  level  was  highest  at  the  19.1®  position  and 
decreased  to  the  60®  location  and  for  higher  angles  from  the  Jet  axis  the  sound 
pressure  level  remained  nearly  constant  because  of  the  shock  bottles.  When  the 
plain  jet  was  replaced  hy  50  tubes  with  the  same  total  area  as  for  the  conver¬ 
gent  nozzle,  Che  overall  sound  pressure  level  decreased  approximately  11  dB  at 
the  19.1*  location,  and  the  pressure  level  decreased  to  the  100*  location  before 
increasing  at  higher  angles.  With  the  addition  of  50  shrouds  to  the  50  tubes, 
the  overall  sound  pressure  level  decreased  approximately  16  dB  at  the  19. I n 
location  from  the  plain  jet.  For  this  configuration  the  overall  sound  pres¬ 
sure  level  decreased  monotonically  with  the  angular  position  and  at  the  146° 
location  the  pressure  level  reduction  was  approximately  25  dB.  With  the  single 
shroud  and  the  50  tubes  of  2  in.  length,  the  overall  sound  pressure  level 
distribution  was  slightly  higher  than  for  the  50  tubes  over  the  initial  in'1 
and  was  lower  for  higher  angles  as  indicated  in  Figure  VH.A-20H.  Similar 
overall  sound  pressure  level  distr l but ious  were  obtained  with  other  tube 
lengths  with  and  without  shrouds  in  Ref.  14. 

From  the  eight  microphone  measurements  on  .»  lO-ft.  radius,  the  overall 
sound  power  spectra  were  determined  for  various  tube  lengths  both  with  and  without 
the  shrouds  for  a  jet  Mach  number  q1  1.4  and  representative  power  spectra  are 
presented  tn  Figure  Vll.A-201  a  tube  length  of  2  la.  *‘a  this  figure  the  power 
spectra  for  a  convergent  jet  at  a  Mach  number  of  1.4  is  also  presented.  With 
the  Stf  tubes  of  2  in.  length  the  sound  power  level  at  alt  frequencies  was  lower 
than  for  the  plain  jet  with  the  greatest  reduction  occurring  at  frequencies 
higher  than  1000  Ha.  The  power  level  reduction  at  4500  Hs  was  approximately 
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18  dB  from  chat  of  the  plain  jet  and  the  overall  sound  power  level  reduction 
was  11.5  dB  as  presented  in  table  VII. A-6  and  Figure  VII.A-201. 

With  the  single  shroud  the  power  spectra  at  all  frequencies  was  slightly 
higher  than  that  for  the  50  tubes  and  the  overall  sound  power  level  reduction 
was  10.3  dB.  thus,  this  type  of  shroud  with  the  50  tubes  is  not  effective  in 
increasing  the  overall  sound  power  level  reduction  with  the  multitubes. 

Similar  results  were  observed  with  the  191  tubes  in  Ref.  33.  The  addition  of 
6  in.  long  multishrouds  to  the  50  tubes  reduced  the  sound  power  level  from  that 
of  the  multi  tubes  at  all  frequencies.  At  lower  frequencies  the  reduction  in 
the  power  level  from  that  of  the  plain  jet  was  approximately  5  dll  up  to  500  Hz 
sad  at  higher  frequencies  the  reduction  was  even  greater  with  a  reduction  of 
approximately  24  dB  at  4500  Hz  as  indicated  in  Figure  VII.A-201.  And  the 
overall  sound  power  level  reduction  was  18.1  dB  from  a  plain  Mach  1.4  jet  as 
presented  in  Table  VII. A-6.  This  level  of  power  reduction  was  also  achieved 
with  191  tubes  with  191  shrouds  in  Kef.  33.  Thus,  the  50  tubes  with  50  shrouds 
suppressor  configuration  is  just  as  effective  as  the  case  with  the  larger  number 
of  tubes  .sttd  shrouds. 

From  the  measured  base  pressure  distributions  for  the  50  tubes  of  various 
lengths  with  and  without  the  shrouds,  and  from  the  calculated  skin  friction 
drag,  the  total  thrust  loss  due  to  the  base  drag  and  the  skin  friction  drags 
far  the  tubes  and  shrouds  was  calculated  and  correlated  with  the  measured 
thrust  loss.  In  the  calculation  of  the  skin  friction  drag  the  boundary  layer 
whs  assumed  to  be  laminar  for  the  tubes  because  of  the  low  Reynolds  number  and 
the  boundary  layer  was  assumed  to  be  turbulent  for  the  shrouds.  Correlation 
of  the  calculated  and  measured  thrust  losses  are  presented  in  Ref.  34,  tor  a 
jet  Mach  number  of  1.4,  and  the  measured  thrust  losses  and  the  overall  sound 
power  level  reductions  are  presented  in  Figure  VU.A-21M  as  functions  of  the  50 
tube  lengths. 

For  a  SO  tube  length  of  0  it*.,  which  corresponds  to  the  base  plate  with 
holes,  ef.  Figure  VH.A-20A,  the  calculated  thrust  loss  was  15.3  percent  while 
tfcf  experimental  loss  was  16.?  percent,  and  the  overall  sound  power  level 
reduction  from  a  convergent  Mach  1.4  jet  was  15. 0  db  as  presented  in  Table 
VU.a-6  and  Figure  VII.A-20J.  heady  all  of  the  thrust  loss  was  due  to  the 
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low  base  pressure,  Figure  VII.A-20G.  As  the  50  tube  length  was  increased  the 
base  pressure  increased  so  that  the  thrust  loss  decreased.  For  1  in.  long 
tubes  the  thrust  loss  was  only  3.34  percent  while  the  overall  sound  power 
level  reduction  was  11.2  dll.  For  longer  tubes  the  overall  sound  power  level 
reduction  was  about  the  sxirae  .and  the  thrust  loss  was  also  about  the  same  as 
for  the  1  in.  tube  length  because  the  base  drag  decreased  and  the  friction  drag 
increased  with  the  tube  length. 


The  6  in.  long  multishrouds  were  used  only  with  tube  lengths  of  l  in.  and 
greater  as  shown  in  Figure  V1I.A-20J.  With  the  1  in.  tubes  the  thrust  loss 
due  to  the  base  drag  was  10.2  percent  and  the  friction  drag  in  the  tubes  and 
shrouds  were  0.97  and  11.7  percent  respectively  with  the  resultant  calculated 
thrust  loss  of  22.8  percent.  For  this  configuration  the  measured  thrust  loss 
was  26.7  percent  and  the  observed  overall  sound  power  Level  reduction  from  a 
Mach  1.4  jet  was  14.5  dll.  For  the  2  in.  tubes  with  multishrouds,  the  measured 
thrust  loss  was  20  percent  ami  the  overall  sound  power  level  reduction  was 
18.1  dB,  Table  VIl.A-6.  Because  of  the  long  length  of  6  in.  for  the  multi- 
shrouds,  the  thrust  loss  due  to  the  frictional  force  on  the  surfaces  of  the 
shrouds  was  quite  large.  Further  investigations  are  being  conducted  to  decrease 
the  length  of  the  raultlsbrouds  for  minimizing  the  thrust  loss  and  still  retain 
the  large  noise  suppression  feature  of  the  rauletshroud. 


V U . A. 7  SUPERSONIC  JET  NOISE  SUPPRESSOR  ANALYSIS 

Single  Shroud,  Multitubes  and  Multishrouds 

Ttie  initial  investigation  of  the  single  long  shroud  with  both  parallel 

flew  and  convergent  nozzles  at  a  Mach  number  of  1.5  indicated  that  a  large 

reduction  of  17  di  in  the  overall  sound  power  level  from  that  of  the  plain  jet 
1  8 

was  possible’.  Since  the  long  shroud  was  not  practical  even  though  it  did 
yield  information  regarding  the  required  velocity  reduction  for  supersonic 
jets  and  the  corresponding  noise  reduction,  the  tsultitube  and  multishroud 
suppressor  concepts  were  investigated  with  supersonic  and  subsonic  let  exhaust 
velocities  in  Refs.  18,  31  and  34.  Roth  191  and  50  tubes  and  shrouds  were 
effective  in  decreasing  the  overall  sound  power  level  of  a  Mach  1.4  jet  from 
a  convergent  nosale  by  approximately  20  dR  as  discussed  in  the  previous  section. 


The  flow  and  acoustic  results  from  these  suppressors  will  be  analyzed  and 
equations*  based  upon  the  experimental  data*  for  estimating  the  overall  sound 
power  level  reduction  from  supersonic  jets  will  be  derived. 

Prom  the  axial  impact  pressure  and  total  temperature  probe  surveys,  the 
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flow  parameters  were  determined^  *  for  the  various  multitube  and  multishroud 
configurations  for  a  pressure  ratio  of  3.2,  which  corresponds  to  a  Jet  Mach 
number  of  1.4.  The  flow  Mitch  number  after  the  multi Jets  coalesced  and  remained 
constant  before  decreasing  and  Is  defined  as  the  coalesced  Mach  number.  The 
distance  at  which  the  uniform  Mach  number  is  attained  is  defined  as  the 
coalesced  distance. 

In  Pigure  V1I.A-21  the  coalesced  Mach  number  and  the  distance  are  presented 
as  a  function  of  the  ratio  of  the  tub*  spacing  for  a  constant  pressure  ratio 
of  3.2  for  50  and  191  tubes  and  50  and  313  holes  in  the  base  plate*  which  is 
referred  to  as  the  boiler  plate  configuration.  The  area  ratios  of  the  base 
plate  area  to  the  total  tube  area  were  3.0  and  4.72  for  the  SO  and  191  tubes 
respectively.  The  ratios  of  the  tube  spacing  to  the  tube  diameter  were  .36 
for  the  50  tubes  and  .88  for  the  191  tubes,  ami  the  coalesced  Mach  numbers 
were  1.0  and  0.73  respectively.  The  equation  relating  the  coalesced  Mach 
number  to  the  tube  spacing  ratio  for  a  pressure  ratio  of  3.2  across  the  tubes, 
which  corresponds  to  a  jet  Mach  number  of  1.4  is  given  by 

Mc  »  1.4  -,7i(s/d)*S5  (VU.A-6) 

in  deriving  this  equation  it  was  assumed  that  aero  tube  spacing  ratio 
corresponded  to  a  single  convergent  jet.  This  equation  must  be  taken  as  a 
first  approximation  for  estimating  the  coalesced  Mach  number  as  a  function  of 
tire  tube  spacing  because  the  area  ratio  of  the  base  plate  to  the  total  tube 
area  was  not  the  same  for  the  Sfl  and  191  tube  configurations.  The  decrease 
in  tire  coalesced  Mach  number  from  the  plain  single  jet  with  the  tube  spacing 
is  very  large.  As  the  spacing  between  the  tubes  becomes  larger  the  amount  of 
air  induced  before  the  jets  become  coalesced  is  increased  with  a  corresponding 
decrease  in  the  coalesced  Mach  number  because  of  the  greater  mixing  and  momentum 
exchange  between  the  primary  Jets  and  the  ambient  gas. 


With  the  base  plate  with  SO  holes ,  the  coalesced  Much  number  was  close  to 
that  observed  with  the  SO  tubes  of  various  lengths  as  shown  in  Figure  VII.A-21. 

It  was  observed  in  Ref.  34  that  the  supersonic  jet  flow  region  was  shorter  with 
the  50  holes  than  with  the  50  tubes  of  various  lengths.  For  the  313  holes  with 
the  ratio  of  the  base  plate  area  to  the  hole  area  of  2.5,  the  coalesced  Mach 
number  was  much  less  than  that  observed  with  the  tubes  lor  the  hole  spacing  ratio 
as  indicated  in  Figure  VII.A-21.  Evidently  the  coalesced  Mach  number  is  con¬ 
trolled  by  the  hole  spacing  as  well  as  the  ratio  of  the  base  pla^e  to  the  hole 
18 

area  .  Further  investigation  with  various  numbers  of  holes  but  keeping  the 
base  plate  area  ratio  constant  should  be  conducted  to  determine  the  variation 
of  the  coalesced  Mach  number  with  the  ratio  of  the  hole  spacing. 

For  a  pressure  ratio  of  3.2  for  the  multitubes  and  holes  In  the  base 
plate,  the  distance  in  terms  of  diameter  for  the  jets  to  coalesce  and  attain 
the  coalesced  Mach  number  was  about  the  same  as  indicated  in  Figure  VII.A-21. 

The  coalesced  distance  was  about  12  diameters  of  the  tubes  or  holes  for  the 
nominal  supersonic  jet  Mach  number  of  1.4.  For  this  Mach  number  the  sonic 
point  on  the  jet  axis  was  approximately  12.5  diameters  downstream  from  the 
convergent  uozzle  exit  in  Reference  VU.A-1.  Thus,  the  distance  for  the  multiple 
jets  to  coalesce  for  a  supersonic  Mach  number  of  1.4  is  not  sensitive  to  the 
tube  or  hole  spacings  or  the  base  plate  area  ratio.  This  is  not  the  ease  for 
the  coaiseced  Mach  number. 

The  overall  sound  power  level  reductions  for  multitubes,  muleiholes,  and 
aultish roods  are  presented  in  Figure  Vjl.A-22  as  a  function  of  the  coalesced 
Mach  number,  similar  to  the  summary  for  the  power  level  reductions  for  a 
single  long  shraud  in  Figure  V11.A-1/C.  In  this  figure  the  overall  sound 
power  level  differences  between  the  convergent  nossle  with  an  exit  diameter  of 
2  in.  at  a  Mach  number  of  i.4  and  that  for  the  same  nosale  operated  at  lower 
Mach  numbers*,  taken  as  the  coalesced  Mach  number,  are  presented.  Since  the 
mass  flows  at  the  lower  Mach  numbers  with  an  exit  diameter  of  2  in.  are  less 
than  for  the  Kaeh  1.4  jet.  the  effects  of  the  mass  flew  open  the  overall 
sound  power  level  for  a  given  Jet  velocity  were  corrected  by  the  equation 
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Ada  -  10  log 


(VII. A-7) 


where  is  the  flow  for  the  K«'  ft  1.4  .*et  and  is  the  mass  flow  at  the 

lower  Mach  numbers  presented  in  Ret.  1 .  Tor  both  the  subsonic  jet  noise  theory 
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of  Lighthill  and  the  supersonic  theory  nt  Nagausatsu  and  Horvay*,  the  overall 

acoustic  power  is  related  directly  to  the  suss  flow  for  constant  jet  properties. 

the  decrease  in  the  overall  sound  power  level  from  that  of  a  2  in.  diameter 

convergent  nozzle  at  a  Mach  number  of  1.4  for  a  pressure  ratio  of  3.2  can  be 

approximated  in  Figure  Vll.A-22  by 

AdQ  «  56.4  -66.2  M  +  37.8  M2  -13.8  M3  (VU.A-8) 

c  c  c 

where  the  mass  flow  at  lower  jet  Mach  numbers  is  the  same  as  for  the  Mach 
1.4  jet. 

With  50  tubes  and  tube  spacing  ratio  of  0.36  and  base  plate  area  ratio 
of  3.0,  the  coalesced  Mach  number  was  approximately  1.0,  Figure  VU.A-20E. 
for  a  pressure  ratio  of  3.2.  For  50  tube  lengths  of  1/4  to  4  in.  the  overall 
sound  power  level  reductions  varied  from  ii.5  dB  to  13  dB  as  discussed  in 
Ref.  34  so  that  in  Figure  VII.A-22  a  value  of  11.5  dB  reduction  was  used  for 

it 

the  50  tubes  of  2  in.  length.  For  the  l&i  tube  configuration  with  the  tube 
length  of  2  in-,  the  tube  spacing  ratio  of  0.88,  and  base  plate  area  ratio  of 
4.72,  the  coalesced  Mach  number  was  approximately  0.73,  Figure  VH.A-14B.  for 
a  pressure  ratio  of  3.2.  the  overall  sound  power  level  reduction  from  a  eon* 
vergent  Mach  1.4  jet  wan  approximately  15.8  dB  an  shown  in  Figure  Vll.A-22.  It 
is  interesting  to  note  in  this  figure  that  the  reductions  o*'  the  sound  power 
level  from  a  convergent  Mach  1.4  jet  by  the  50  and  W  tubes  fair  into  a  curve 
aa  a  function  of  the  coalesced  Mach  number,  this  curve  for  the  reduction  of 
the  overall  sound  power  level  with  suititubee  from  a  convergent  noccle  at  a 
Mach  aui.oer  of  1.4  can  be  expressed  as  a  function  of  the  coalesced  Mach  number 
by 

AdS  *  i».2  -$.*5  it.  ♦  12.*  ft;  -11.7  K3. 
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Ac  a  coalesced  Mach  number  of  1.0  the  difference  in  the  reduction  in  the  sound 
power  level  by  the  50  tubes  amt  that  due  to  a  plain  jet  operated  at  Mach  1.0 
with  the  same  mass  flow  as  the  Mach  1.4  let  in  ttot  great  as  indicated  in 
Figure  VU.A-22. 

Hy  placing  the  6  in.  long  multishrouds,  Figure  VTI.A-20A,  at  the  exits 
of  50  tubes  of  2  ip.  length,  the  coalesced  Mach  number  was  0.85,  Figure 
VXI.A-20K,  and  the  corresponding  overall  sound  power  level  reduction  from  a 
Mach  1.4  Jet  was  18.1  dH  as  shown  in  Fig ere  Vtf.A-22.  For  50  tubes  of  4  in. 
length  and  multishrouds  the  coalesced  Mach  number  was  0.82  and  the  correspond¬ 
ing  sound  power  level  reduction  was  20.5  dH  as  observed  in  Kef.  34.  With  this 
suppressor  configuration  the  overall  sound  power  level  was  close  to  that 
observed  for  a  plain  jet  at  a  Mach  number  of  0.82  and  with  the  same  mass  flow 

as  the  2  in.  'Hameter  Mitch  1.4  jet.  With  t. he  141  tubes  and  191  shrouds  of  6  in. 
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length  ,  the  coalesced  Mach  number  downstrenf*  of  the  shroud  was  0.60,  Figure 
Vll.A-190,  and  the  corresponding  overall  sound  power  level  reduction  was  21.9  dB 
as  shown  la  Figure  Vtf.A-22.  For  this  configuration  the  overall  sound  power 
level  reduction  was  less  tnan  that  for  a  Mach  0.6  jet  with  the  mass  flow  of  the 
2  in.  diameter  Mach  1.4  jet.  3T*e  viscous  losses  due  to  the  large  wetted  surface 
in  the  191  shrouds  were  large  and  caused  a  more  rapid  decav  In  the  velocity  than 
a  uniform  jet  as  indicated  in  Figure  Vtt.A-19t>.  This  increased  viscous  phe¬ 
nomenon  could  cause  greater  noise  than  for  a  uni  for-*  jet.  Further  investigations 
will  be  conducted  to  investigate  this  viscous  phenomenon.  The  equation  for  the 
overall  sound  power  level  reduction  with  emit iahrouds  from  a  Mach  i,4  jet  can  be 
expressed  as  a  function  of  the  coalesced  Mach  number  by 

Adft  «  23.1  ♦  13.9  M  -25.?  H2  *  2.87  h\  (VU.A-iv) 

c  c  c 

The  overall  sound  power  level  reduct  iotas  achieved  with  5d  and  313  holes 
in  the  base  plate  are  presented  in  Figure  Vtt.A-2*  as  a  function  of  the 
coalesced  Mach  number.  For  the  5*>  holes  the  hole  diameter  was  0.310  in,  in 
the  same  base  plate  as  for  the  50  tubes  of  various  lengths  as  discussed  in 
Ref.  14.  Is  place  of  191  tubes,  313  holes  of  9.12$  in.  diameter  were  used  in 
the  base  plate.  And  the  ratios  of  she  hale  spacing  to  the  diameter  were  0.3?$ 
aad  9. $0  for  the  $0  and  313  holes  respectively.  Seeause  of  the  interaction  of 
the  Jets  free  the  holes,  the  coalesced  Mach  numbers  were  lower  with  the 
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^  multiholes  than  for  the  multitubes  as  shown  in  Figures  VII.A-21.  Due  to  the 

lower  coalesced  Mach  numbers  the  overall  sound  power  level  reductions  from  the 
'■?  convergent  nozzle  at  a  Mach  number  of  1.4  were  greater  than  for  the  multitubes 

as  shown  in  Figure  VII.A-22.  With  the  50  hole  configuration  the  coalesced 
Mach  number  was  0.90  and  the  overall  sound  power  level  reduction  was  15  dB, 
which  was  greater  than  for  50  tubes.  For  313  holes  the  coalesced  Mach  number 
was  0.62  with  corresponding  sound  power  level  reduction  of  18.6  dB.  And  the 
equation  for  the  overall  sound  power  level  reduction  with  multiholes  from  a 
convergent  nozzle  at  a  Mach  number  of  1.4  can  be  expressed  as 

AdB  =  14.9  4-  18.4  M  -19.7  M2  -0.80  M3.  (VII.A-11) 

c  c  c 

These  results  with  the  multihole  configurations  indicate  a  rather  large 
reduction  in  the  overall  sound  power  level  from  a  Mach  1.4  let  but  the  dis¬ 
advantage  is  the  relatively  large  thrust  loss  because  of  the  low  base  pressure 
as  discussed  in  Refs.  33  and  34.  This  thrust  loss  may  be  increased  by  the 
proper  hole  spacing  to  the  base  plate  area  for  a  given  pressure  ratio  across 
the  nozzle. 

Acoustic  Shielding  of  Supersonic  Jets 

-  The  multitubes  and  multishrouds  suppressors  were  very  effective  in 

decreasing  the  overall  sound  power  level  of  a  convergent  nozzle  at  a  Mach 

number  of  1.4.  An  analysis  was  made  by  considering  the  flow  and  acoustic 

results  for  the  191  and  50  tubes  to  determine  the  acoustic  radiation  from  the 

supersonic  and  subsonic  regions  of  the  Jets.  For  50  tubes  the  coalesced  Mach 

number  was  1.0  and  the  overall  sound  power  level,  reduction  from  a  Mach  1.4  jet 

was  11.5  dB  and  for  191  tubes  the  coalesced  Mach  number  was  0.72  with  overall 

sound  jxjwer  level  reduction  of  15.2  dB.  In  this  section  these  results  will  be 
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analyzed  by  using  Lighthill's  theory  for  the  subsonic  portion  of  the  jet  and 

4 

Nagawatsu  and  Horvay  theory  for  the  supersonic  region. 

In  Section  Vil.A-3  of  this  report  the  Lighthill's  equation,  Equation 
(VII. A-5),  was  presented  for  the  subsonic  jets,  which  have  flow  and  acoustic 
characteristics  that  are  reasonably  close  to  the  assumptions  used  in  the 
derivation  of  the  theory.  But  for  supersonic  jets  the  observed  flow  and 
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acoustic  characteristics  are  quite  different  than  for  subsonic  jets  as  observed 
in  Refs.  1,  14  and  28.  For  supersonic  jets  the  peak  acoustic  radiation  occurs 
in  the  vicinity  of  the  sonic  location  and  the  acoustic  radiation  per  unit  jet 
length  is  not  constant  but  increases  from  the  jet  exit  to  the  peak  at  the 
sonic  location.  And  over  the  subsonic  portion  of  the  jet  the  acoustic  radia¬ 
tion  decreases  as  x  Nagamatsu  and  Horvay4  in  developing  the  supersonic  jet 
noise  theory  used  these  observed  supersonic  jet  phenomena.  The  overall  sound 
power  radiation  from  supersonic  jets  was  considered  to  consist  of  the  contri¬ 
bution  from  the  supersonic  region  given  by 
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and  for  the  subsonic  region  by 
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And  Lite  equation  for  the  total  acoustic  power  output  from  supersonic  jets  is 
the  sum  of  these  equations 
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A  detailed  discussion  of  the  derivation  of  these  equations  are  presented  in 
Ref.  4.  Thus,  the  total  acoustic  power  output  from  a  supersonic  jet  is  a 
function  of  the  jet  Mach  number,  density  and  velocity  of  sound  for  both 
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the  jet  and  ambient  gas  and  the  parameters  a  and  3  which  depend  upon  the  type 
of  nozzle  as  determined  in  Ref.  1. 

For  a  convergent  nozzle  with  an  exit  diameter  of  1-9/16  in.  and  a  pressure 
ratio  of  3.2,  which  corresponds  to  a  jet  Mach  number  of  1.4,  the  values  of  a 
and  3  were  0.4  and  -1.3  respectively  as  determined  from  the  experimental  acoustic 
overall  sound  power  level  in  Ref.  1.  The  mass  flow  through  the  191  tubes  of 
0.125  in.  diameter  at  a  pressure  ratio  of  3.2  was  equivalent  to  that  for  the 
1-9/16  in.  convergent  nozzle  as  observed  in  Ref.  33.  Slightly  downstream  of 
the  tube  exits,  the  Mach  number  was  1.37  and  decreased  to  a  Mach  number  of  0.72 
at  1  in.  from  the  tube  exit  and  remained  at  this  Mach  number  until  the  15  in. 
location  on  the  axis  before  decaying  as  a  fully  developed  subsonic  jet  as  shown 
in  Figure  VII.A-19D. 


With  the  191  tubes  at  a  pressure  ratio  of  3.2  the  overall  sound  power 
level  was  135.5  dB,  while  the  plain  1-9/16  in.  diameter  nozzle  at  the  same 
pressure  ratio  was  150.7  dB  as  presented  in  Table  VII. A-5,  which  corresponds 
to  an  overall  sound  power  level  reduction  of  15.2  dB.  By  assuming  that  the 
191  cubes  are  radiating  acoustically  without  interference  from  each  other,  the 
supersonic  jet  noise  from  each  tube  can  be  determined  by  the  use  of  Equation 
(VII.A-12).  Thus,  the  total  acoustic  power  output  from  the  supersonic  region 
of  191  individual  jets  is  93.6  watts  for  the  multitube  mass  flow  of  0.0586 
slugs/sec.,  and  the  acoustic  power  level  is  149,7  dB.  Using  the  experimental 
mass  flow  rate  at  the  coalesced  Mach  number  of  0.72  at  1  in.  location  down¬ 
stream  of  multitubes,  the  acoustic  power  from  this  subsonic  jet  by  Lighthill's 
Equation  (VII. A-5)  is  0.808  watts,  which  corresponds  to  a  power  level  of 
129.1  dB.  For  the  191  tubes  the  observed  overall  sound  power  level  was 
135.5  dB  which  corresponds  to  3.55  watts.  Hence,  the  difference  in  the  acoustic 
power  between  this  value  and  the  acoustic  power  for  the  subsonic  portion  is 
2,74  watts.  And  this  can  be  considered  as  the  acoustic  power  radiation  from 
the  supersonic  region  of  the  multisets.  For  each  tube  the  acoustic  power  out¬ 
put  from  the  supersonic  region  is  0.491  watts  as  given  by  Equation  (VU.A-12). 
Hence,  it  requires  only  an  equivalent  of  5.68  tubes  to  produce  sound  power 
radiation  of  2.74  watts,  or  approximately  39“  from  each  of  the  outer  ring  of 
52  tubes. 


U  is  evident  from  this  analysis  of  the  acoustic  data  in  Ref.  33  that  the 
shielding  effects  of  the  supersonic  region  form  191  tubes  are  extremely  large. 
Because  of  the  large  number  of  tubes  of  0.125  in.  diameter,  the  supersonic 
region  extended  to  approximately  1  in.  from  the  tube  exits  as  shown  in  Figure 
VT.I.A-19D,  as  compared  to  an  equivalent  convergent  nozzle  of  1-9/16  in.  diameter 
with  a  supersonic  length  of  approximately  18  in.  Only  about  2.97  percent  of 
the  191  tubes  are  radiating  acoustic  power  from  the  supersonic  region  to  the 
surrounding  air.  These  results  indicate  that  the  acoustic  radiations  from  the 
supersonic  regions  of  the  tubes  located  inside  the  outer  row  of  52  tubes  are 
attenuated  by  the  adjacent  supersonic  jets.  Even  for  the  outer  ring  of  tubes 
the  acoustic  radiations  are  attenuated  by  the  interference  of  the  sound  waves 
from  adjacent  tubes. 

In  K^f.  34  the  flow  and  acoustic  characteristics  for  50  tubes  of  various 
lengths  were  investigated  a"  supersonic  flow  conditions.  At  a  pressure  ratio 
oi  3.2  the  super*  nic  coalesced  Mach  numbers  were  close  to  1.0.  by  assuming 
that  50  tubes  are  radiating  acoustically  without  interference  from  each  other 
with  a  total  masc  flow  of  0.0651  slugs/sec.,  the  total  acoustic  power  output 
from  the  supersonic  region  of  50  individual  jets  was  calculated  from  Equation 
(V1I.A-12)  and  the  value  was  91.5  watts,  or  1.83  watts  per  tube.  The  experi¬ 
mental  overall  sound  power  level  for  50  tubes  of  2  In.  length  was  140.3  dH, 
which  corresponds  to  10.72  watts.  From  the  radial  and  axial  surveys  with 
impact  pressure  and  total  temperature  probes  the  jet  coalesced  at  approx¬ 
imately  3  in.  downstream  from  the  tube  exits  at  a  Mach  number  of  approximately 
1.0  as  shown  in  Figure  V1I.A-20E.  At  an  axial  distance  of  3  in.  from  the  tube 
exits,  the  mass  flow  and  the  mean  t low  quantities  of  velocity,  densitv,  and 
temperature  were  determined  from  tae  radial  surveys.  Using  these  values  for 
Che  properties  of  the  merged  Jet,  the  acoustic  power  output  i'rom  the  sonic 
jet  was  calculated  by  Equation  (VII.A-5)  and  the  total  power  was  found  to  be 
5.26  watts. 

The  overall  sound  power  level  for  50  tubes  of  2  in.  length  at  a  pressure 
ratio  of  3.2  was  found  to  be  140.3  dB,  which  corresponds  to  10.72  watts,  in 
Ref.  34  and  presented  in  Table  VII. A-6.  By  taking  the  difference  in  the  overall 
sound  power  between  this  value  and  the  calculated  acoustic  power  of  5.26  watts 


from  che  sonic  jet,  the  sound  power  front  the  supersonic  portion  of  the  jet  is 
5.46  watts.  Since  the  acoustic  power  from  the  supersonic  region  of  each  tube 
was  calculated  to  be  1.83  watts,  it  would  require  only  2.99  tubes  to  obtain 
the  acoustic  power  from  the  supersonic  regions  of  the  50  tube  bundle,  or  in 
supersonic  region,  only  approximately  49°  from  each  of  the  outer  row  of  22 
tubes  is  radiating  to  the  surroundings. 

from  the  flow  and  acoustic  results  for  191  and  50  tubes  presented  in 
Refs.  33  and  34,  the  multitube  concept  is  effective  as  a  supersonie  jet  exhaust 
noise  suppressor  because  of  the  following  effects:  (1)  Since  the  supersonic 
region  is  proportional  to  the  diameter  of  the  nozzle  and  the  supersonic  Jet 
Mach  number  or  pressure  ratio,  the  supersonic  length  is  drastically  decreased 
by  using  the  smaller  diameter  tubes.  (2)  With  the  multitubes  with  spacing 
between  the  tubes,  the  primary  jet  is  exposing  a  much  larger  surface  area  to 
the  ambient  air,  and  consequently  the  primary  jet  velocity  is  drastically 
decreased  in  a  short  distance  and  the  coalesced  jet  behaves  like  a  uniform  )et 
at  lower  Mach  numbers.  (3)  Finally,  the  most  effective  contribution  to  the 
noise  reduction  is  che  large  attenuation  of  the  acoustic  waves  through  the 
supersonic  region,  only  a  small  fraction  of  the  acoustic  radiation  from  the 
supersonic  region  is  propagated  to  the  surroundings. 

VII. A.8  CONCLUSIONS 


For  subsonic  Mach  numbers,  including  sonic  Mach  number,  the  velocity  on 


rhe  axis  remained  constant  over  a  distance  of  approximately  5  diameters  before 
decreasing  in  the  turbulent  decay  region  as  x  *.  The  length  of  the  supersonic 


region  was  proportional 


and  downstream  of  the  sonic  point  the  velocity 


decay  was  similar  to  tha%  observed  for  subsonic  jets. 


The  peak  piezoelectric  impact  pressure  fluctuations  occurred  for  subsonic 

jets  on  the  axis  at  approximately  9  diameters  and  decayed  downstream  in  the 

-1.75 

fully  developed  subsonic  turbulent  jet  as  x  .  For  supersonie  jet  Mach 
numbers  the  peak  impact  pressure  fluctuations  occurred  just  ahead  of  the  sonic 
point,  and  in  the  subsonic  region  the  pressure  fluctuations  decreased  like  the 
subsonic  jets. 


The  highest  overall  sound  pressure  levels  occurred  at  an  angular  position 
of  19.1s  from  the  jet  axis  for  both  subsonic  and  supersonic  jets.  Power  spectra 
for  subsonic  jets  were  similar  with  the  peak  occurring  for  a  2  in.  diameter 
convergent  nozzle  at  approximately  4  KHz  for  Mach  numbers  of  0.6  to  1.0.  At 
a  Mach  number  of  1.4  the  peak  power  occurred  at  a  frequency  of  5  KHz  which 
corresponds  to  a  Strouhal  number  of  0.64. 

Overall  sound  power  levels  for  Mach  numbers  of  0.6  to  1.5  were  determined 
and  compared  with  the  subsonic  theory  of  Llghtkill  and  supersonic  theory  of 
Nagamatsu  and  Horvay.  The  exponents  «  and  0  in  the  supersonic  theory  were* 
evaluated  for  convergent  and  parallel  flow  nozzles  as  functions  of  the  jet 
Mach  number. 

At  a  jet  Mach  number  of  1.5  the  overall  sound  power  level  for  a  contoured 
nozzle  with  parallel  flow  was  3  dB  less  than  for  the  convergent  nozzle  with 
shock  bottles.  The  insertion  of  six  small  rods  at  the  periphery  of  the  jet 
increased  the  noise  level  for  the  contoured  nozzle  but  the  convergent  nozzle 
noise  level  was  decreased  6  dB.  With  the  six  rods  aud  a  long  shroud  to  the 

jet  exhaust  for  inducing  and  mixing  the  ambient  air  with  the  primary  jet  flow 

the  overall  sound  power  level  was  decreased  17  dB  for  the  convergent  nozzle. 

With  the  reverse  slotted  cones  the  supersonic  region  was  decreased  to  the 
apex  of  the  cone  by  adjusting  the  opening  of  the  slots,  and  the  overall  sound 
power  level  was  reduced  14  dB  for  a  Mach  1.4  jet  with  58  slots  for  a  73“  cone 

angle.  Because  of  the  low  base  pressure  existing  on  the  conical  surface  the 

thrust  loss  was  appreciable  with  the  reverse  slotted  cones. 

For  the  191  tubes  with  inside  tube  diameter  of  0,115  in.  the  Mach  1.4 
jet  was  decreased  to  a  coalesced  Mach  number  of  0.73  at  approximately  1-1/2  in. 
from  the  tube  exit.  The  overall  sound  power  level  reduction  was  15.2  dB  from 
the  plain  jet  at  a  Mach  number  of  1.4  and  the  thrust  loss  was  *0  percent.  By 
adding  191  hexagonal  shrouds  to  the  tubes,  the  overall  sound  power  level 
reduction  was  increased  to  21  dB  with  a  thrust  loss  of  2?  percent.  The  large 
wetted  area  of  191  shrouds  contributed  11.5  percent  to  the  total  thrust  loss. 

The  50  tube  bundle  with  inside  tube  diameter  of  0.23  in.  decreased  the 
Mach  1.4  jet  to  sonic  velocity  at  approximately  2  in.  from  the  tube  exit  and 


che  overall  sound  power  level  was  reduced  11. 5  dB  from  Che  plain  jec  wlch  a 
thrust  loss  of  3.34  percent  for  tube  lengths  of  1  to  4  in.  For  shorter  tube 
lengths  the  overall  sound  power  level  reducrion  was  about  the  some  as  the  longer 
cubes  but  the  thrust  loss  was  appreciable  because  of  the  low  base  pressure. 

Tlie  addition  of  SO  hexagonal  shrouds  to  the  tubes  increased  the  overall  sound 
power  level  reduction  to  20  dB  with  a  thrust  loss  of  approximately  2?  percent. 

With  the  multiple  tubes  the  acoustic  radiation  from  the  supersonic  region 
of  the  inner  tubes  is  attentuated  drastically,  and  only  the  acoustic  radiation 
from  the  supersonic  region  of  the  tubes  located  in  the  outer  ring  is  transmitted 
to  the  surroundings.  Even  for  these  outer  tubes  there  is  attenuation  of  the 
sound  waves  by  phase  cancellation  between  adjacent  tubes. 

Based  upon  the  flow  characteristics  for  multiple  tubes  and  holes  with 
different  ratios  of  spacing  to  the  tube  or  hole  diameter,  an  equation  was 
derived  for  the  coalesced  Mach  number  as  a  function  of  the  tube  spacing  ratio 
for  a  pressure  ratio  of  3.2,  which  corresponds  to  a  jet  Mach  number  of  1.4. 
Equations  for  predicting  the  overall  sound  power  level  reductions  with  multiple 
tubes,  holes,  and  shrouds  were  derived  as  a  function  of  the  coalesced  Mach 
number  for  a  convergent  nozzle  at  a  Mach  number  of  1.4. 
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COMPARISON  or  ACOUSTIC  PROPERTIES  QV  A  ET  *  1,3 
CONVERGENT  AND  PABALLKi.  PLOW  N02Z1.K 
WITH  AND  WSTUOtiT  SUPPRESSORS 


Para  I  Id  Conversant 

Plow  Nozzle  Noz z  1  e 


Cortf  itswrat  ion 

L  * 
w 

(iB> 

Adfc 

Crow  plain  jet 

L  * 
w 

(dll) 

AdB 

L rora  plain 

Plain  Jet 

133.1 

0 

136.2 

0 

i  Reds 

437.0 

♦  3.9 

130.2 

-  6.0 

(3/4  la) 

SI  (0) 

148.0 

-  3.2 

146. S 

-  9.4 

SI  (0).  4  Rada 

142.2 

-  9.0 

(3/4  14) 

Si  (OWN) 

147.2 

-  2.9 

143. 0 

*  a. 2 

SL  (OPEN),  4  Rada 

142.0 

-  ii.i 

4)8.9 

-  47.) 

(4  t^) 

Si  (OPEN),  t  Rada 

141. t 

-  12. i 

443.7 

-  U>.| 

(i/4  I*) 

j_  4  <4 

"Vc  10*4  WdCtS 


TABLE  VII. A-4 


ACOUSTIC  POWER  LEVELS  FOR  CONVERGENT  NOZZLE,  M,  =  l.< 

- - - J - 

WITH  REVERSE  SLOTTED  CONES  AND  SHROUDS 


Configuration 

L 

w 

-13 

(dB  re  10  watts) 

Measured 

Suppression 
(dB  from  plain  i e i 

Plain  Jet 

154.4 

0 

60°  Rev.  Slot.  Cone 
(28  slots) 

147.7 

-  6.7 

60°  Rev.  Slot.  Cone 

(28  slots),  S^  2 

149.4 

-  6.0 

60°  Rev.  Slot.  Cone 
(28  slots), 

146.1 

-  8.3 

60°  Rev.  Slot.  Cone 
(56  slots) 

142.0 

-  12.4 

60°  Rev.  Slot.  Cone 
(56  slots),  S4  2 

144.2 

-  10.2 

75°  Rev.  Slot.  Cone 
(58  slots) 

141.9 

-  12.5 

75°  Rev.  Slot.  Cone 
(58  slots),  S4>4 

142.4 

-  12.0 

75°  Rev.  Slot.  Cone 
(58  slots), 

140.1 

-  14.3 
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TABLE  VII.A-5 


ACOUSTIC  POWER  LEVELS  FOR  CONVERGENT  NOZZLE. 
191  TUBES,  191  SHROUDS,  AND  SINGLE  SHROUD 


A.  Outside  Air  Temperature  20°F 

1.  Pressure  Ratio  =  3.2,  =1.4 


Configuration 


w 


-13 

(dB  re  10  watts) 


1-9/16"  Dia.  Convergent  Nozzle  154.3 

191  Multitubes  138.3 

191  Multitubes  with  6"  Long  132.4 

Multishroud  (x^  =  3/16") 

191  Multitubes  with  6"  Long  136.7 

Multishroud  (x^  =  1") 

191  Multitubes  with  6"  Long  135.5 

Multishroud  (x^  =  2",  no 
induced  flow) 

191  Multitubes  with  Bellmouth  138.7 

Shrouds, 


3,  Outside  Air  Temperature  — 68°F 


1,  Pressure  Ratio  =  3.2,  Mj  =  1.4 


1-9/16"  Dia.  Convergent  Nozzle  150.7 

191  Multitubes  135.5 

191  Multitubes  with  6"  Long  130,3 

Multishroua  (x^  =  3/16") 

191  Multitubes  with  3.335"  Long  131.7 

Multishroud  (x^  =  3/16") 

191  Multitubes  with  1.667"  Long  135.2 

Multishroud  (x^  =  3/16") 

191  Multitubes  with  Short  137.0 

Shrouds,  g 
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TABLE  VII, A-6 

ACOUSTIC  POWER  LEVELS  FOR  CONVERGENT  NOZZLE  AND 
50  TUBES  WITH  SHROUDS,  M.  =  1.4 


Configuration 


1  „  Suppression 

(dB  re  10-  J  wattsl  (dB  from  plain  jet) 


1-9/16"  Jet,  Pr  =  3.2,  T  = 

o 

78°F 

151.8 

0 

50  Tubes,  L  - 

140.3 

-  11.5 

50  Tubes,  L  =  V 

Single  Shroud,  ^ 

143.6 

-  8.2 

50  Tubes,  L  =  1" 

140.6 

-  11.2 

50  Tubes,  L  =  1" 

142.4 

-  9.4 

Single  Shroud,  ^ 

50  Tubes,  L  =  1" 

137.3 

-  14.5 

50  Shrouds 

50  Tubes,  L  =  2" 

140.3 

-  11.5 

50  Tubes,  L  =  2" 

141.5 

-  10.3 

Single  Shroud,  S^  ^ 

50  Tubes,  L  =  2" 

133.7 

-  18.1 

50  Shrouds 

1-9/16"  Jet,  Pr  =  3.2,  Tfl  = 

81°F 

152.5 

0 

50  Tubes,  L  =  4" 

139.5 

-  13.0 

50  Tubes,  L  =  4" 

140.5 

-  12.0 

Single  Shroud,  ^ 

50  Tubes,  L  =  4" 

132.2 

-  20.3 

50  Shrouds 

1-9/16"  Jet,  Pr  =  3.2,  Ta  = 

66°F 

153.3 

0 

50  Tubes,  L  =  0" 

138.3 

-  15.0 

50  Tubes,  L  =  0" 

140.4 

-  12.9 

Single  Shroud,  ^ 

FIGURE  VH.A-1  SHADOWGRAPH  PHOTOGRAPHS  OF  FLOW  FROM  A  CONVERGENT  NOZZLE 
AT  MACH  NUMBERS  OF  1.0  AND  1.4 
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FIGURE  VII.A-2A  VARIATION  OF  FLOW  MACH  NUMBER  ALONG  THE  JET  AXIS  WITH  DISTANCE  FOR  CONVERGENT  NOZZLE 


FIGURE  VII.A-2B  VELOCITY  RATIO  OS  JET  AXIS  FOR  TWO -INCH  DIAMETER  CONVERGENT  NOZZLE 


0 


0.0 

DISTANCE  FROM  THE  JET  EXIT,  X/D 

FIGURE  VII.  A-3  VARIATION  OP  IMPACT  PRESSURE  FLUCTUATIONS  ON  JET  AXIS  WITH 

01  STANCE  IRON  JV  EXIT  FOR  TWO-INCH  DIAKTIR  CONVBRGEW 


JET  CORE  LENGTH,  L  .  AND  SUPERSONIC  LENGTH 
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FIGURE  VXI.A-4  JET  CONS  LENGTH,  AND  SUPERSONIC  LENGTH,  AS  A  FUNCTION  OF 

JIT  MACH  NUNNBt 
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FIGURE  VII. A -C  COMPARISON  OP  SOUND  POWER  SPECTRA  FOR  PLAIH  CONVERGENT  JET  AT  VARIOUS 


FIGURE  VIT.A-6  ACOUSTIC  PGWSR  P2P  UKIT  LENGTH  OP  JST  OBTAINED  WITH  WCROPHQflE  TRAVERS®  PARALLEL  TO  JIT 
AXIS  A?  TWO  NOZZLE  DIAMETERS  FROM  NOZZLE  PERIPHERY 
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FIGURE  VII. A -11  COMPARISON  OF  POWER  LEVEL  SPECTRA  FOR  M  -  1.5  PARALLEL  FLOW  AND  CONVERGENT  NOZZLES 
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:GORE  VII .  A  -  12C  SOUND  POWER  LEVEL  SPECTRA  OF  THE  JET  WITH  AND  WITHOUT  RODS,  CONVERGENT  NOZZLE 

Pr  -  3.2,  Mj  -  1.4 


FIGURE  VII.A-13A  OVERALL  SOUND  PRESSURE  LEVEL  AS  A  FUNCTION  OF  ANGULAR  POSITION  FROM  THE  JET  AXIS 

WITH  RODS,  CONVERGENT  NOZZLE,  Pr  -  3-7,  MJ  -  1.5 


PIOURK  VII.A-13B  SOJMD  POWER  LEVEL  SPECTRA  WITH  RC 
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P2CUR*  VIX.A'i^B  OVERALL  SOUND  PRESSURE  LEVEL  AS  A  FUNCTION  OP  ANGULAR  POSITION  FROM  TEE  JET  AXIS  WITH 

F03S  AND  SHROUD  CLOSED,  CONVERGENT  NOZZLE,  Pr  -  3.7,  Hi  -  1.5 
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FIGURE  VII.A-15C  RADIAL  MACH  NUMBER  PROFILE  AT  JET  EXHAUST  EXIT  WITH  SHROUDS  FOR  PARALLEL  FLOW  NOZZLE 


FTCUP*  VII  A-15E  OVERALL  SOUND  PRESSURE  LEVEL  AS  A  FUNCTION  OF  ANGULAR  POSITION 

WITH  b  OR  6  INCH  SHROUD  FOR  PARALLEL  FLOW  NOZZLE 
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Y  VTI.A-15F  SOUKS  POWKR  LfVtL  SPKCTRA  WITH  4  OB  6  IKCH  3HRCWDS  FOR  PARALLEL  FLOW  KGBZUB 
Pr  -  3.7,  *3  -  1.5 


FIGURE  VIX.A-lSfi  ACOUSTIC  POWER  REDUCTION  AS  A  FUNCTION  OF  INDUCED  FLOW  FOR  PARALLEL  FLOW  NOZZLE 

WITH  ^  OR  €  INCH  SHROUDS,  Pr  -  % 7 ,  Mj  -  1.5 
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FIOIKB  VII. A -IOC  OVERALL  SOUND  PRESSURE  LEVEL  AS  A  FUNCTION  OF  ANGULAR  POSITION  FROM  THE  JBT  AXIS 

UTTH  RODS  AND  SHROUD  OPEN  FOR  CONVERGENT  NOZZLE,  Pr  -  3.7,  «  1.5 
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vii. A-m  comparison  op  dirbctivitxes  for  m  «  1.5  parallel  flow  and  cojwsRGEjrr  nozzles  with 

AMD  WITHOUT  SUPPRESSORS 


ROWE  VU.A-17B  COMPARISON  0?  POWER  LEVEL  SPECTRA  FOR  K  -  1.5  PARALLEL  FLOW  AND  CONVERGENT  N 

WITH  AND  kTTROUT  SUPPRESSORS 


-  PARALLEL  NOZZLE,  1”  GAP,  4"  ID  x  58"  LG  SHROUD 

- —CONVERGENT  NOZZLE,  1*  GAP,  4-  ID  x  58“  LG  SHROUD 


FIGURE  WI.A-11C  VARIATION  IN  OVERALL  SOUND  POWER  LEVEL  WITH  SODS  AND 

SHROUD  AS  A  FUNCTION  OF  INDUCED  NASS  FLOW  FOR  MU  »  1*5 
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REVERSE  SLOTTED  COSE  AND  SHROUDS 


O  60°  REV.  SLOT  CONE  (28) 
L.  60°  REV.  SLOT  CCWE  (56) 


FIGURE  VII.A-ISC  MACH  NUMBER  PROFILE  ACROSS  THE  JET  AT  ONE  INCH  DOWNSTREAM  OF  APEX  OP  THE 

SLOTTED  COTES,  Pr  -  1.2,  Mj  -  1.4 
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FIGURE  VII.A-ia!  AXIAL  DISTANCE  FROM  APEX  OF  REVERSE  SLOPPED  COME  -  INCHES. 

AXIAL  IMPACT  PRESSURE  FLUCTUATIOHS  FOR  REVERSE  SLOPTED  CONES,  Pr  -  3.2,  Mj  -  1.4 


J3 

S 


ft. 


IQ 


u 

M 


O 


1.0 


52  0.7 


m 


th 

O 

o 

M 

l 


0.6 


0.5 


C.  J 

'i 

\\ 

yh 

■•  \ 

'1 

\\ 

i! 


*i 

I 


io 


I '  I 

'  . 

fa 1 


1 


G  -O 


.v' 

/■*  / 
x  p 


/ 


0 


..  O' 


1 


A  60°  REV.  SLOT.  CONE  (56) 
□  75°  REV.  SLOT.  CORE  (58) 


1 


0.2  0,4  0.6  0.0 

DISTANCE  FROM  EDGE  OF  REVERSE  SLOTTED  CORES,  H/r 


l.< 


FIGURE  \fII.A-l8P  BASE  PRESSURE  OE  THE  SOLID  PORTION  OF  THE  REVERSE 

SLOTTED  CQUS,  Pr  -  3.2,  H)  -  1.4 


FIGURE  VII.A-18G  OVERALL  SOUND  PRESSURE  LEVEL  AS  A  FUNCTION  OF  ANGULAR  POSITION  FROM  JET  AXIS  FOB 

REVERSE  SLOTTED  CONES  WITH  AND  WITHOUT  SHROUDS,  Pr  -  3.2,  Mj  •  1.4 


FIGURE  VII.A-I5C  HACK  RUMMER  PROFILE  ACROSS  EXITS  OF  MUITITUBES  A»S  NJITISHROUD 


VARIATION  FOR  WmTUBBS  WITH  AMD  WITHOUT  SHROUDS 
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FIGURE  VIX.A-iyS  AXIAL  IMPACT  PRESSURE  FLUCTUATIONS  FOR  MULTITUDES 

HITS  AID  WWOUT  SHROUDS 
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HWUSJ!  VII  .*-190  OVERALL  SOUND  PRESSURE  LEVEL  AS  A  FUNCTION  OF  ANGULAR  POSITION  FROM  JBT  AXIS  FOR 

MUXTXTUSES  WITH  AND  WITHOUT  SHROUDS 
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FIGURE  VII.A-20A  PHOTOGRAPH  OF  50  TUBE  SUPPRESSORS  AND  SHROUDS 
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FIGURE  VII.A-20C  MACH  NUMBER  PROFILE  ACROSS  EXITS  OF  50  TUBE  NOZZLES  l/32 

DOWNSTREAM  OF  TUBE  EXIT,  Pr  -  3.2,  MJ  -  1.4 


AXIAL  MACH  NUMBER  DISTRIBUTION  FOR  50  TUBS  NOZZLE,  WITH  AND  WITHOUT  SHROUDS 
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APPENDIX  A.  NOMENCLATURE 


Syabol  Units 


A,  Ag 

Physical  flow  area  at  nozzle  plane  8 

(in2), (ft.2) 

AR^.A/R 

Area  Ratio:  ratio  of  total  circumscribed 
tube  bundo  area  to  physical  flow  area 
(tube  nozzles) 

A/R 

Area  Ratio:  ratio  of  total  annulus  area 
to  physical  flow  area  (annular  plug  nozzles) 

C/A 

Chrooel  -  Alumel  wires  used  in  thermocouples 

CD8 

Nozzle  discharge  coefficient:  ratio  of  actual 
flow  rate  to  ideal  flow  rac-s 

cf 

Nozzle  gross  thrust  coefficient,  static  and 
installed 

<1B 

Deeible,  re:  0.0002  dynes/eo2 

°S 

a)  Throat  diameter  of  YSEN  (Two  stage  ejector 
nozzle) 

b)  initial  minimum  internal  diameter  of  cylin¬ 
drical  ejector  (shroud) 

(in) 

*e 

Tube  internal  diameter 

(in) 

^rd 

Circumscribed  tube  bundle  diameter 

(in) 

»» 

Internal  diameter  of  conical  primary 
nozzle  at  primary  exit,  plane  8 

(in) 

Internal  diameter  of  secondary  ejector 
at  secondary  exit,  plane  % 

(in) 

SVN4 

Effective  pereieved  noise  level 

(EPNdB) . CdS) 

rB 

Measured  gross  thrust 

Uhf) 

** 

Net  thrust 

<V 

m 

V 

Strouhai  ae«her.  a  calculated  function  of 
frequency  (f)»  nozzle  diameter  (D>,  and 
ideal  jet  velocity  (?) 

3s 


1 

l$W 

APPENDIX  A.  NOMENCLATURE  (Continued) 

Symbol 

Units 

• ! 

k 

Ratio  of  specific  heat 

i 

L 

Axial  reference  location  of  variable 
position  inlet  centerbody 

(in) 

Ls 

Shroud  internal  length 

(in) 

Lt 

Tube  external  length 

(in) 

Lti 

Tube  internal  length 

(in) 

M,Mo 

Mach  number 

%  N 

c 

Percent  corrected  speed 

(rpm) 

.V 

OASPL 

Overall  sound  pressure  level;  calculated 
by  summation  of  sound  pressure  levels  of 
each  octave  or  1/3  octave  band 

(dB) 

■  ‘v 

OASPL-10  log  pA 

Normalized  OASPL 

(dB) 

PNL 

Perceived  noise  level;  a  calculated  annoyance 
weighted  sound  level 

(PNdBMdR) 

PNdB 

Contraction  of  PNL,  dB 

(PNdB) , (dB) 

PNdB-10  log  p2A 

Normalized  PNL 

(PNdB) 

;  ? 

PNdB-10  log  pA 

Normalized  PNL 

(PNdB) 

P 

0 

Ambient  pressure 

( p» i a > 

1  Base 

Mean  baseplate  static  pressure 

(ps la) 

tj 

P, 

u 

Local  wall  static  pressure 

(psia) 

p 

T8 

Nozzle  exhaust  total  pressure 

(paia) 

Peak  PNL 

Highest  perceived  noise  level  generated; 
usually  referenced  to  a  specific  angle 
and  distance  from  the  source 

(PNdB) , (dB) 

:| 

Peak  OASPL 

Highest  overall  sound  pressure  level 
generated;  usually  referenced  to  a  specific 
angle  and  distance  from  the  source 

(dB) 

1  RH 

Percent  atmospheric  relative  humidity 

APPENDIX  A.  NOMENCLATURE  (Concluded) 


W 


Symbol 

S 

SPL 


T8 

vrvj 

W„ 


w. 


WT 


W 


Distance  between  centerlines  of  tube/hole  rows 

Sound  pressure  level;  a  level  of  sound  pressure 
that  occurs  in  a  specified  frequency  range  at 
any  specified  interval  of  time. 

Nozzle  exhaust  total  temperature 

Fully  developed  ideal  jet  velocity 

Bleed  weight  flow  (air  or  water) 

Engine  nozzle  weight  flow 

Total  primary  and  secondary  flow 

Flow  rate 


X„  Axial  spacing  from  exit  plane  of  primary 

0  nozzle  to;  a)  throat  (Ds)  of  TSEN  (Two 

stage  ejector  nozzle)  or  b)  initial 
minimum  internal  diameter  of  cylindrical 
ejector  (shroud) 


a  Tab  angle 

p  Orifice  coefficient 

y  Angie  between  a  straight  line  from 

source  to  microphone,  and  engine  or 
nozzle  centerline;  referenced  to  inlet 
or  exhaust 


Units 

(In) 

(db) 

(*R) , (*F) 
( f  t/sec) 
(lb/sec) 

( lb/ sec) 

( lb /sec) 
flb/sec) 
(in) 

(deg) 

(deg) 


(lb  /ft3) 
m 


Density  of  jet  stream 


